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ABSTRACT

Problems of time-harmonic wave propagation arise in important fields of study such as geological surveying, radar
detection/evasion, and aircraft design. These often involve high-frequency waves, which demand high-order methods
to mitigate the dispersion error. We propose a high-order method for computing solutions to the variable-coeficient
inhomogeneous Helmholtz equation in two dimensions on domains bounded by piecewise smooth curves of arbitrary
shape with a finite number of boundary singularities at known locations.

We utilize compact finite dfference (FD) schemes on regular structured grids to achieve high-order

accuracy due to their efifficiency and simplicity, as well as the capability to approximate variable-coeficient
dfferential operators. In this work, a 4th-order compact FD scheme for the variable-coeffficient Helmholtz equation
on a Cartesian grid in 2D is derived and tested. The well known limitation of finite differences is that they lose
accuracy when the boundary curve does not coincide with the discretization grid, which is a severe restriction on the
geometry of the computational domain. Therefore, the algorithm presented in this work combines high-order FD
schemes with the method of difference potentials (DP), which retains the effificiency of FD while allowing for
boundary shapes that are not aligned with the grid without sacrificing the

accuracy of the FD scheme.

Additionally, the theory of DP allows for the universal treatment of the boundary conditions. One of the significant
contributions of this work is the development of an implementation that

accommodates general boundary conditions (BCs). In particular, Robin BCs with discontinuous

coeflcients are studied, for which we introduce a piecewise parameterization of the boundary

curve. Problems with discontinuities in the boundary data itself are also studied.

We observe that the design convergence rate suffers whenever the solution loses regularity

due to the boundary conditions. This is because the FD scheme is only consistent for classical
solutions of the PDE. For this reason, we implement the method of singularity subtraction

as a means for restoring the design accuracy of the scheme in the presence of singularities at
the boundary. While this method is well studied for low order methods and for problems in
which singularities arise from the geometry (e.g., corners), we adapt it to our high-order scheme
for curved boundaries via a conformal mapping and show that it can also be used to restore
accuracy when the singularity arises from the BCs rather than the geometry.

Altogether, the proposed methodology for 2D boundary value problems is computationally
efifficient, easily handles a wide class of boundary conditions and boundary shapes that are not
aligned with the discretization grid, and requires little modification for solving new problems.



ABSTRACT

BRITT, JR., DARRELL STEVEN. High-Order Accurate Solutions to the Helmholtz Equation
in the Presence of Boundary Singularities. (Under the direction of Semyon Tsynkov.)

Problems of time-harmonic wave propagation arise in important fields of study such as
geological surveying, radar detection/evasion, and aircraft design. These often involve high-
frequency waves, which demand high-order methods to mitigate the dispersion error. We pro-
pose a high-order method for computing solutions to the variable-coefficient inhomogeneous
Helmholtz equation in two dimensions on domains bounded by piecewise smooth curves of
arbitrary shape with a finite number of boundary singularities at known locations.

We utilize compact finite difference (FD) schemes on regular structured grids to achieve high-
order accuracy due to their efficiency and simplicity, as well as the capability to approximate
variable-coefficient differential operators. In this work, a 4th-order compact FD scheme for the
variable-coefficient Helmholtz equation on a Cartesian grid in 2D is derived and tested. The well
known limitation of finite differences is that they lose accuracy when the boundary curve does
not coincide with the discretization grid, which is a severe restriction on the geometry of the
computational domain. Therefore, the algorithm presented in this work combines high-order
FD schemes with the method of difference potentials (DP), which retains the efficiency of FD
while allowing for boundary shapes that are not aligned with the grid without sacrificing the
accuracy of the FD scheme.

Additionally, the theory of DP allows for the universal treatment of the boundary conditions.
One of the significant contributions of this work is the development of an implementation that
accommodates general boundary conditions (BCs). In particular, Robin BCs with discontinuous
coefficients are studied, for which we introduce a piecewise parameterization of the boundary
curve. Problems with discontinuities in the boundary data itself are also studied.

We observe that the design convergence rate suffers whenever the solution loses regularity
due to the boundary conditions. This is because the FD scheme is only consistent for classical
solutions of the PDE. For this reason, we implement the method of singularity subtraction
as a means for restoring the design accuracy of the scheme in the presence of singularities at
the boundary. While this method is well studied for low order methods and for problems in
which singularities arise from the geometry (e.g., corners), we adapt it to our high-order scheme
for curved boundaries via a conformal mapping and show that it can also be used to restore
accuracy when the singularity arises from the BCs rather than the geometry.

Altogether, the proposed methodology for 2D boundary value problems is computationally
efficient, easily handles a wide class of boundary conditions and boundary shapes that are not

aligned with the discretization grid, and requires little modification for solving new problems.
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Chapter 1
Introduction

In the present work, we develop a high-order numerical method for solving linear elliptic
PDEs with well-behaved variable coefficients on domains with piecewise-smooth boundaries
and piecewise-smooth boundary conditions. We expect solutions to be predominantly classical,
but some singularities may arise at known locations along the boundary due to either the geom-
etry of the boundary shape (e.g., corners or cusps) or the boundary conditions (e.g., piecewise
smooth with a known jump discontinuity). Our model equation for this pursuit will be the

inhomogeneous Helmholtz equation,
Au+ k*u = f, x € (), (1.1)

in which we permit the Laplacian operator to be replaced by a more general variable-coefficient
operator and we allow for variation in the wavenumber, k. Variable coefficients may arise from
the use of non-Cartesian geometries and may also occur naturally in problems of wave propa-
gation through inhomogeneous media. In the case of inhomogeneous media, the equation (1.1)

may more generally be written as follows:

ai <a(:z:,y)gz> + gy (b(:c,y)gz) + k(2 y)u = f, (1.2)

where a,b, and k are smooth functions of (z,y) except perhaps along a known interface. The
regions of smooth variation of these parameters represent materials with smoothly varying
properties - for example, the density of a material may smoothly change when subjected to
a heat source at one end. On the other hand, a jump condition at an interface would model
contact between two different materials, such as an airplane which is composed of several
different plastics and metals. These criteria are essential for simulations involving most real-

world objects.



High-order accuracy is desirable in the numerical solution of wave propagation problems.
It is known for the Helmholtz equation that in order to maintain a given level of error as the
wavenumber k increases one must refine the computational grid faster than the wavelength
A\ = 27 /k decreases. More precisely, the quantity kPT!'h” must remain constant, where & is the
discretization size and p is the order of accuracy of the scheme. This is known as the dispersion
error or pollution effect [1,2,3]. In order to avoid this undesirable behavior, the number of points
per wavelength, ~ 1/hk, must grow proportional to kY/P. 1t is evident then that employing a
higher order of accuracy, p, slows this growth, meaning that higher-order methods will be
considerably more efficient than lower-order methods for solving equation (1.1), especially on
domains which are large relative to the wavelength. There are many applications in which the
size of the object being studied is large in relation to the waves propagating through it, such
as medical imaging (i.e., the propagation of ultrasound waves through the human body) and
aircraft design (i.e., the propagation of electronic communication signals through the craft).

Finite difference (FD) schemes on regular-structured discretization grids provide the sim-
plest and least expensive avenue for achieving high-order accuracy and can also easily be built
for variable-coeflicient equations; however, they are limited to classical solutions of the PDE and
lose accuracy when the boundary shape is not aligned with the grid (e.g., a circular boundary
on a Cartesian grid). The loss of accuracy in the presence of non-conforming boundaries is at-
tributable to staircasing [4,5], and represents a substantial limitation. The primary alternatives
to finite differences are finite element methods (FEM) and boundary element methods (BEM).
Both of these methods easily accommodate difficult geometries, but each have limitations of
their own. In particular, it is possible to build high-order approximations for arbitrary boundary
shapes with FEM; however, achieving high order requires substantial modifications to the al-
gorithm and also greatly increases the computational cost by requiring additional variables per
grid node. In BEM, any change in the boundary conditions requires analysis of the equivalent
boundary sources to ensure that the resulting integral equation is well-posed. Additionally,
BEMs are limited to constant-coefficient PDEs since they rely on explicit knowledge of the
fundamental solution. We propose a methodology which allows accurate computation by FD
on grids which are not aligned with the boundary shape, and, in doing so, we do not compro-
mise the utility or efficiency of FD in computing with high-order accuracy and for variable-
coefficient equations. Furthermore, we develop a method for restoring accuracy in the case of
near-boundary singularities.

In the following work, we employ the method of difference potentials (DP) developed by
Ryaben’kii. The theory of difference potentials is related to the theory of Calderon operators,
see [6,7]. A comprehensive account of the method of difference potentials can be found in the
monograph [8] (see also [9]), and a brief account can also be found in [10, 11]. Some of its

other recent developments are presented in [12,13,14,15,16,17]. DP permits a broad range of



computational capabilities, see [17,18], allowing for differential equations with variable coef-
ficients and for both homogeneous and inhomogeneous equations. Additionally, in either the
case of inhomogeneities or of variable properties of the medium, there is no requirement of
having a gap between the region of inhomogeneity /variation and the boundary of the domain.
The method also works for curvilinear boundaries and interfaces of arbitrary shape. In this
work, we demonstrate its universal approach to the treatment of the boundary conditions. In
doing so, we introduce a piecewise parameterization of the boundary curve in order to permit
piecewise-smooth boundary conditions (i.e., those with discontinuities). While one natural use
of the piecewise parameterization would be to solve problems with boundary shapes that require
such a parameterization due to the geometry (such as domains with corners), the focus of the
work at hand is on splitting the parameterization of a smooth boundary curve into multiple
segments at points of discontinuity in the Robin coefficients or points of singularity in the
boundary data themselves in order to restore the convergence order of the scheme. The method
is designed so that it does not require the approximation of the boundary conditions on the
grid and so is applicable to non-conforming boundaries. Moreover, boundary conditions of any
type are allowed — not only the simplest Neumann or Dirichlet, but also, for example, mixed or
Robin, even with variable and discontinuous coefficients. In doing so, the core of the numerical
algorithm always remains the same. Changes in the boundary conditions are accommodated
by making only minor modifications to the computational procedure (unlike methods based on
boundary integral equations).

The class of problems we seek to solve are expected to have predominantly classical solutions;
however, the flexibility of our approach to BCs can easily result in the solution becoming singular
at the boundary, leading to a loss of consistency of the FD scheme and subsequently a loss of
accuracy. In general, the solution may have lower regularity due to either a discontinuity in
the coefficients of the boundary condition, a discontinuity in the boundary data themselves,
or the geometry of the boundary curve (e.g., a cusp or corner), and our methodology can
easily be applied to problems of each of these types. In such cases, a near-boundary singularity
develops in the solution, which translates into a greatly diminished convergence rate from the
FD scheme since the solution is no longer classical. The design convergence rate can be restored
by subtracting several leading terms in the expansion of the solution near the singular point
and then solving only for the remaining regular part. In developing this expansion, we follow an
approach previously proposed in [19] and modify it so as to take into account that the segments
of the boundary that meet at a given singular point may be curves rather than only straight
lines, and do so in such a way that high-order accuracy is maintained. We also note that an
earlier work that addresses singularities of the solution using difference potentials is presented
in [20,21,22] but does not involve computations with high-order accuracy.

In Chapter 2, a fourth-order compact finite difference scheme for the variable-coefficient



Helmbholtz equation (1.2) on a Cartesian grid is derived using the equation-based method [23,24],
and this will serve as the solver for our subsequent work on difference potentials. In Chapter 3,
we present a formulation of the method of difference potentials and detail a universal approach
to treating boundary conditions [25]. We numerically demonstrate the limitations of the method
by showing that the boundary conditions may give rise to singularities in the solution which
cause a loss of accuracy. In Chapter 4, the method of [19] for treating near-boundary singularities
is extended for use with high-order methods and implemented with the method of difference
potentials to solve singular problems without degradation of the design convergence rate [26].
Chapter 5 discusses error estimation as it relates to the efficiency of the overall scheme, taking
a second look at the numerical examples of the previous chapters and adding several numerical
examples to give insight and guidance. Finally, Chapter 6 proposes future extensions of this

work and discusses some of the challenges that will need to be addressed in doing so.



Chapter 2

Finite Difference Methods

2.1 Introduction

In this chapter, we build a fourth-order compact finite difference scheme for the variable-
coefficient Helmholtz equation in two dimensions via the equation-based method [23,24]. Tra-
ditional finite difference schemes achieve high order by extending the FD stencil outward in
the coordinate directions, but this is undesirable because it increases the order of the difference
equation beyond that of the underlying differential equation. In particular, this means that
the difference equation will require more boundary conditions than those needed for the dif-
ferential equation, meaning one must compensate by implementing purely numerical boundary
conditions. One alternative is to use Padé expansions to replace the weight of the center node
using a Bessel function [27], and this has been done for problems with Dirichlet and Neuman
BCs [27, 28]; however, Pade approximations are limited to constant-coefficient equations. A
more useful approach is to employ an equation-based method, in which the Helmholtz equation
and its derivatives are used to find alternate representations of the truncation error terms of a
classical second-order scheme, and these representations can then be sufficiently approximated
on a compact 9-point stencil to increase the order of the scheme. It is important to note that,
according to the well-known Lax theorem, the scheme needs only to be consistent on solutions
to the equation [29]; therefore, the seeming limitation inherent in using the equation itself to
build our scheme in fact represents no loss of generality. The 9-point (3 x 3) stencil is no wider
in any coordinate direction than that of the underlying second-order scheme, eliminating the
need for additional boundary constraints [27,30,31,23,24,32] and also resulting in a narrower
bandwidth of the FD matrix. Moreover, the equation-based approach can be used to construct
high-order physical as well as radiation boundary conditions, as has been shown in [33]. While
this technique will be used for the boundary conditions in this chapter, the choice of the BCs is

not guided by physical boundary constraints but rather they are chosen to cater to the needs



of the auxiliary problems of the method of difference potentials used in subsequent chapters.
In Section 2.2, we demonstrate the equation-based method in simplified settings, beginning
with the Helmholtz equation in 1D followed by a demonstration of how the method can also
be used for the 2D Helmholtz equation in polar coordinates. As we progress in complexity,
we next examine the general variable-coefficient equation (1.2) in Cartesian coordinates for 2D
in Section 2.3 using a regular-structured Cartesian grid. Due to the requirement that finite
difference schemes be aligned with the boundary shape of the domain, we subsequently apply
the numerical method to interior problems on a square. On such a domain, the Helmholtz
equation is known to experience resonances when the wavenumber k is such that —k? coincides
with an eigenvalue of the Laplacian operator. This can be avoided by implementing Sommerfeld-
type boundary conditions along the left and right edges of the square, with a simple Dirichlet
boundary condition along the top and bottom edges. The high-order implementation of these
boundary conditions is the subject of Section 2.4. Numerical simulations are performed in
Section 2.5 to demonstrate the convergence rate. Finally, a discussion is given in Section 2.6 re-
garding the relationship of the finite difference schemes developed in this chapter to the method
of difference potentials presented in Chapter 3, justifying the choice of boundary conditions for
the finite difference problems in this chapter as well as the emphasis on the Cartesian scheme

in particular.

2.2 The Helmholtz equation in polar coordinates

The Helmholtz equation in polar coordinates is given by

10 [ Ou 1%,
o (a) Tozge U=/ @1)

The radial term of (2.1) is a particular example of the type of variable-coefficient differential
operator that we treat in Section 2.3. As a demonstration of the equation-based method, we

will first consider the Helmholtz equation in 1D, which is posed as the following inhomogeneous

ODE: J p g d

1 1

Sy (P T T e Y P (2:2)
rdr dr T T ar

where f = f(r) is assumed given.



2.2.1 Omne-dimensional example

For convenience, we rewrite (2.2) by solving for the variable-coefficient term:

1d ([ du 9
- 7)) = fF =F 2.
rdr <Tdr> f =k ’ (2:3)

where F := f —k?u is a formal right-hand side. We first approximate equation (2.3) with second

order accuracy:

11 Umt1 — U Uy, — Wpp—1
EE <Tm+1/2 m+h = _Tm—l/Q = hm )ZFm (24)

Analysis of the truncation error for scheme (2.4) shows that

11 Um+1 — Um Um — Um—1
Tm—l—l/Qf - Tm—l/??

Tm h
1d [ du h? 2
_ %0 Yo, @) 2 3) 4
rdr <Tdr> ‘m—’_ 12 (um + rum > +O(R)

Consequently, to achieve fourth order accuracy, we need to eliminate the O(h?) term that
contains u(® and u(®) on the right-hand side of (2.5). We begin by rearranging the ODE (2.3)

to isolate the second derivative term:

(2.5)

d?u B 1d£

—_— = - 2.6
dr? rdr (2:6)
We then differentiate this expression twice to obtain
d3u . 1d*u  1du
el 7 A O Tt 2.7
dr3 r dr? + r2 dr (2.7)
and
d47u - F ld?;u deJ ECL“ (2.8)
drt rdr3  r2dr2  r3dr '
Furthermore, we substitute equation (2.6) into (2.7) and simplify as follows:
Pu_p 1P 1
dr3 rdr?  rZdr
1 1du 1 du
O A I 2.9
r < r dr) + r2 dr (29)
=F — }F 2d£
T rdr



Likewise, we may now substitute expressions (2.6) and (2.9) into (2.8), which ultimately yields

d*u , 1., 3 4 du
i el e ¥ e Bt (2.10)

We have now achieved alternate representations of the terms u(® and u(¥ which appear in the
O(h?) term of (2.5), so that we can now replace the term u(*) + %u(3) as follows using (2.9-2.10):

d*u  2d3u 1 1 d?u 1 du
e 2ty iy 200 200
drt  rdrd + r + r2dr2  r3dr
1 1 (d?u 1du
:F// 7F/ 7 - -
+ r + 72 <d7"2 r d’r)
1 1 2d
F//_l_ F’+7 (F_u>’
r rdr

from which we obtain, via formula (2.5), a fourth-order approximation:

11 Um+1 — Um Um — Um—1
— g\ "m0 " Tm-1/2—F

Tm R h h
h? 1 1 2 du
SRLRY ) N Ry .
12 < +r Jr7“2 rd dr) ‘m (2.11)

1d [ du 4

Relation (2.11) yields the following approximation for the original ODE (2.2), provided that &

is constant:

11 Umtl — U Um — Um—1
— (TmH/Qthm _ Tmmmhm) 4R,
" h? 1 1 2 d (2.12)
7 F// 7F, 7F7 77“ —
12 ( +r +r2 73 dr) ‘m Fms

where the equation (2.2) was used to replace the truncation error terms of scheme (2.4) inside
the term ~ }f—; Equation (2.12) is not quite a true finite-difference scheme because the terms
F,F', and F” contain continuous derivatives of f and of u. To transform (2.12) into a fourth-
order finite difference scheme, we first realize that the term multiplied by % on the left-hand
side of (2.12) does not need to be evaluated exactly: it is sufficient to have it approximated with
second order accuracy since it is multiplied by the factor of % Clearly this can be done for the
terms f, f/, f”,u,uv’ and u” by means of the standard central differences on a 3-node stencil.
If f(r) is known analytically, then one may use the exact derivatives of f. In either case, once
this is done the approximating relation (2.12) becomes a fourth-order accurate finite difference

scheme for equation (2.2) while still maintaining a compact 3-node stencil.



As we will see in the next section, the equation-based method can also be used to build
high-order schemes in 2D for the polar Helmholtz equation on a compact 3 x 3 stencil. Though
the expressions become more complicated, the key idea of using the derivatives of the equation
to obtain alternate representations of the terms of the truncation error which do not require a

larger stencil remains the same.

2.2.2 A scheme for the two-dimensional polar Helmholtz equation

The key consideration that enables us to extend the methodology of Section 2.2.1 to the two-
dimensional equation (2.1) is that the fourth order accurate approximations will be built in-
dependently for the individual second order differential operators of the Laplacian. Hence, we

write the following formal ODEs based on equation (2.1):

1 8 8U o 2 1 82”

v or (a) =h=EloRus G e (2.13a)
1 6%u _ 9 10 ([ Ou
SogE =P =F—Fu——— <rar> (2.13b)

Equations (2.13a) and (2.13b) are each identical to (2.3) up to the notation. Consequently, we
may continue to use formula (2.11) to obtain a fourth order accurate approximation of the

radial part of the Laplacian in (2.1):

11 Um+1,n — Umn Um,n — Um—1,n
— v \T"mt1y 22— ~Tm-1/2—

'm hr hr hr
W (PF LOF 1. 20
12 \ Or? ror  r2 " r3or _— (2.14)
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Relation (2.14) is different from its “parent” relation (2.11) in that the auxiliary right-hand

side F). also contains the second derivative with respect to 6, see formula (2.13a) so that

ar —ar " ar  9ar\r2902

PF._Pf 0% O (1 a2u>

o o Far e\ e

OF, _9f _,0u_ 0 <1 a%)
(2.15)




Next, approximating the derivatives of u within (2.15) with second order accuracy via central

differences, we have

1 Umn+1 — 2Um,n + Um,n—1

Fr}mn:fm,n_kzum,n_T 3 +O(h3),
) 'r'm ha
OF, _ g _ ]6‘2 Um+1,n — Um—1n
or |,n Oln 2h,
B L( 1 Um+1,n+1 — 2um—f—l,n + Um+1,n—1
2h, T72n+1 hg
1 up— — 2Um—1mn + Um—1.n—
- m—1,n+1 T;Lgl,n m—1,n 1) —|—(’)(h3+h§),
rm—l 9 (2 16)
aZFr _ 827]0 g2 Um41,n — 2um,n + Um—1,n
o W o h?
. i( 1 Um+1,n+1 — 2um+1,n + Um+1,n—1
hE\TE hj
_ i Umn+1 — 2Um,n + Umn—1
r2, h%
1 _ — 2Up— An—
b bl S Ul ) o2 + 1),
r h
m—1 0

Substituting expressions (2.16) into (2.14) and also using the central difference approximation

ou Um+1,n — Um—1,n 2

— = : — 4+ O(hs), 2.17

5| e (1) (2.17)
we obtain a fourth order accurate finite difference approximation of % (r%) on a compact

3 x 3 stencil. Note again that the derivatives of f in formulae (2.16) can be computed either
analytically or also numerically by central differences, depending on how the right-hand side is
defined.

The treatment of the second derivative with respect to 6, which will be based on equation
(2.13b), is even more straightforward. We begin with the standard second order accurate central

difference scheme:
ium,nJrl - 2um,n + Umn—1

r2, hg

:F9|

m,n

The analysis of its truncation error shows that

T h3 S r2oe? 12

> w) + O(hy).
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Consequently,

ium,n—i—l - 2um7n + um7n—1 h/g aQFQ 1 82’&

_ e =2 hg). 2.1
2, 02 o |, o, o (2.18)
From differentiating (2.13b), we have
R2Fy 0% 0% 1 & [ ou
=Ll - (). 2.19
902~ 902 " 902 1 0roe? (rar) (2.19)

Using central differences to approximate the terms of (2.19) yields:

82F9 _ ﬁ _ 32 Umn+1 — 2um,n + Um,n—1
062 mn 062 mn hg
11 Um+1,n+1 — 2um+1,n + Um+1,n—1
T n2 Tm+1/2 72
mer 0 (2.20)
9 Umn+1 — 2um,n + Umn—1
— 2, 2
0
U — — 2Um—1m + Um—1.n—
+ rm71/2 m—1,n+1 722 1,n m—1,n 1) + O(h% + hg)
0

Substituting expression (2.20) into (2.18), we obtain a fourth order accurate finite-difference
approximation of % on a compact 3 x 3 stencil.
The overall fourth order accurate compact scheme for the Helmholtz equation (2.1) is then

obtained by combining (2.14) and (2.18):

ii - Um+1i,n — Umn ’ Ummn — Um—1,n
1 Umn+1 — 2um,n + Um,n—1 2
+ a hg + K U p (2.21)
h? (0?°F, 10F, 1 2 Ou h 9% Fy _
12\orz2 " ror 2" r30r L 12002 0 T

2 2
where the correction terms ~ % and ~ }f—g are to be evaluated according to (2.16), (2.17), and

(2.20).

This same procedure of eliminating the truncation error by the equation-based method can
also be used to build high-order schemes for other equations. In particular, the goal of the
next section is to do the same for a more general form of the Helmholtz equation in Cartesian

coordinates.
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2.3 The variable-coefficient Helmholtz equation in 2D

We now construct a compact fourth order accurate finite difference scheme for the variable
coefficient Helmholtz equation (1.2). As in Section 2.2.2, we begin by reformulating equation

(1.2) as formal ODEs in order to treat the second-order differential terms of the Laplacian

separately:

0 ou\ _ . def , .o 0O du

- (atenge) = 2 = 2 (a5 (2.222)
and

0 Ou\ . def 9 9 du

a9 (b(m,y)8y> =F, = f—-ku o <a(m,y)ax> . (2.22b)

Using the same step size in each direction, h = h, = h,, we next approximate the left-hand

sides of (2.22a) and (2.22b) at the grid node (m,n) with second order accuracy as follows:

0 ou o 1 Um—+1,n — Umn Umn — Um—1,n 2
p (a(a:,y)ax> = <am+;7nh am_;nh) +0O(h%)  (2.23a)

and

0 ou . 1 Umn+1 — Um,n Um,n — Um,n—1 2
o (b(%y)ay> =7 <bm,n+;h “ by r = |+ O(R). (2.23b)
Adding (2.23a) and (2.23b) and then approximating the non-differentiated term and the right-
hand side of (1.2) as (kQU)m ,, and fm,n respectively, we obtain a second order approximation
of (1.2). Our aim is to extend (2.23) to a fourth order accurate approximation. Analysis of the

truncation error for the finite differences of (2.23) yields the following:

1 m n -~ Ymmn m,n — Ym—1n
E <am+é,nu+17hu’ — am%,nW) (2.24&)
0 ou h? 3z T —y)
= A a_ o TTTT 2 xWrrx = = 2 @ h4 )
5 (a(ar:,y)am)—i—12 (au + 20Uz + —5— + — )—i— (h%)
1 m,n - Um,n m,n — Ym,n—
E <bm,n+éU7+1hU7 _ bmm_éZL’hu’l> (2.24b)
0 %) h? 3b b
=% <b(:z:,y)8z> + 15 (buyyyy + 2byuyyy + yguw + yy;’“y> + O(h%).

In order to eliminate the O(h?) error terms in (2.24a), we first differentiate the ODE (2.22a)

12



twice in x and obtain a system of three equations with respect to uze, Urrr, and Upzzs:

Azly + QUge = Fy,

oF,
AzzUg + 2a:vu:m: + QUgzr = %7 (225)
0°F,
Azzals + 30zalze + 3AzUzre + QUgzre = W

Solving each equation of (2.25) for the highest derivative of u, we obtain

1
Ugy = a(Fx - axux)a (2263)
1 /OF,
Ugzr = E < 85: — QrgUz — 2axuatcc) ) (2.26b)
1 (O0*F,
Ugrrxx = g < 8:1/‘233 — Qgzzlz — 30zzpUzy — 3a:(;u:0xx> . (226(3)

Substituting (2.26a) into (2.26b) and also substituting (2.26a-2.26b) into (2.26¢), we arrive at

equations that contain only first derivatives of v on the right-hand side:

1
Uz :5(}?3: - aaf,’uaf,’)y (227&)
1 /OF, 2a
Ugrr :5 <81’$ — QpapUy — Tm(Fm - am“m)) > (227b)
1 [0%F, 3a
Ugrzrxx :5 |:81E2x — QeggUz — %(Fx - axux):| (227C)
3a, |OF, 2a
_ 725” [8; — Ay Uy — TJE(F373 — amum)} .

By substituting expressions (2.26a), (2.27b), and (2.27¢) for uyy, Uzgr, and Ugzz.., respectively,
into the O(h?) terms on the right-hand side of (2.24a), we have

3.0 Appzlh O?F, az OF, 2a¢2  3a
Ayre L5 Yo Py 2a§§
—i—( 5 + % 2 Uy

To achieve overall fourth order accuracy for (2.24a), it is sufficient to approximate the terms
multiplied by % (i.e., the right-hand side of (2.28)) with second order accuracy. For simplicity,
assume that all derivatives of a and b on the right-hand side of (2.28) are known analytically.!

Next, we differentiate formula (2.22a) to obtain formulae for 88}; z and 882 j;z:

1Otherwise, we can also replace them by finite differences if @ and b can be sampled on the grid, although
this may require a larger stencil.
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Fy =f — k*u — byuy — buy,,

OF,
E :f$ — [bnyy + byu‘ry + bg;Uyy + buyym + (l{?QU)m], (229)

d*F,

W; =foz — [byzatly + 2byatiyy + byliyas + bpatyy + 2b3Uyye + buyyes + (k:2u)m] .
We use central differences on the standard five-node stencil to approximate (k?u)s, (k*u)qz,
Uy, Uyy, fo, and fz, in (2.29) with second-order accuracy. We approximate the remaining terms

Ugy,s Uyyz, Ugzy, ANd Uggyy ON a compact 3 x 3 stencil (which contains the four additional corner

nodes) also with second order accuracy as follows:

1 Um+1,n+1 — Um—1,n+1 Um+1n—1 — Um—1,n—1 2
- : T ’ ’ O(h7),
Yoy Zop ( oh 2h +O()
1 Um+1,n+1 — Um+1,n—1 Um—1n+1 — Um—1,n—1 Um,n+1 — Umn—1 2
— UL ’ ’ nol _olm ’ o
T R2 ( 2h * 2h 2h +0(1),
1 Um+1,n+1 — Um—1,n+1 Um+1,n—1 — Um—1n—1 Um+1,n — Um—1n 2
S ) ) ) ) _2 ) ) O h
Uyyr =72 ( oh + oh oh + O,
. 1 Um+1,n+1 T Um+1,n—1 — 2um—&-l,n Um—1,n+1 T+ Um—1,n—1 — 2um—l,n
ooy =2 h? + h?
Umpt1 + Ump—1 + 2Up, 9
—ptmest ot B ) 4 o)

Altogether, we obtain a second order accurate approximation of all the terms on the right-hand
sides of equalities (2.29) on a 3 x 3 stencil:

b
Ey :fm,n - (k2u)m,n - i(um,n-‘rl - Um,n—l) (230&)
Umntl — 2Ump + Umn—1
_ plmmn hn;,n m,n _}_(9(]22)7
oF, 9
Oz =fz = [bayuy + byuay + bauyy + buyys + (k7u)q] (2.30b)
— fin— b
:fm+1,n2hfm ln %(Um,n—&—l . um,n—l)
+ ﬁ (um+1,n+1 — Um—1,n+1 — Um+tln-1+ Umfl,nfl)
by
+ 2 (um,nJrl + Umn—1 — 2um,n)
+ BYE] (Um+1,n41 — Um—1n41 + Umt1,n—1 — Um—1,n—1
k2 — (k2u)
st — 1)) + ot EWmctn | | o),
0*F,
781-2 :fa:.’E - [by:ﬂxuy + Qbnyyz + byuymx + bxz’U,yy (2300)
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+ 2byUyys + DUy + (k:QU)M]

:ferl,n + fmfl,n - 2fm,n _ by:r:):
h? 2h

(Um,n+1 — Um,n—1 )

by
+ ﬁ (um+1,n+1 — Um—1,n+1 — Um+1n—1 + um—l,n—l)

+2h3 (Um+1n+1_um+1n 1+ Un—1n+1 — Um—1,n—1

bmc
h2

_2(Um,n+1 - Um,n—l)) + - (um n+l + Ummn—1 — 2um,n)

by
+ ﬁ(uerl,nJrl — Um—1,n+1 T Un+1n—1 — Um—1n—1 — 2(um+1,n - umfl,n))

+ ﬁ (um+1,n+1 + Um+1n—1 + Un—1n+1 T Um—1,n—1 + 4um,n

_Q(Um,n—H + Umn—1 + Un+1in + um—l,n))

(k‘2u)m+17n — 2(k2u)m7n + (k:2u)m_17n

3 + O(h?).

+

As there is a complete symmetry between the derivatives in the z and y directions, the entire
previous derivation can be easily duplicated in the y direction. Namely, we start with differ-
entiating equation (2.22b) twice in y [cf. formula (2.25)], then we express the O(h?) term on
the right hand side of (2.24b) via w,, Fy, 88—1;?’, and 88 # [cf. formula (2.28)], and, in order to
obtain a compact discretization, approximate the resulting terms with second order accuracy

on a 3 x 3 stencil:
Fy =fimm — (k2>um,n - 2h(
_ a’LLm+1,n — U + Um—1.n 4 (’)(hz),

hQ
aF 9
— —fy [y Uz + Qpligy + QylUpe + AUy + (K70)y] (2.31b)

Um+1,n um—l,n) (2313)

:fm,nJrl - fm,nfl . [axy
2h 2h

(um+1n+1_um 1,n+1 — Um+1n— 1+ Um— 1,n— 1)

(Uerl n umfl,n)
Gy
4h2

a
+ ﬁ(um—‘rl,n + Um—1,n — 2um,n)

a
+ ﬁ(um-i-l,n—&—l — Un+1n—1 T Un—1n+l — Um—1,n—1

(kQU)m,n—l-l - (kQU)m,n—l
2h

- 2(Um,n+1 - Um,n—l)) + + O(h2>,

82

—= —fyy [Aryylie + 200yUey + Qpligyy + Qyyley (2.31c¢)

+ 20y Upry + QUzryy + (kQU)yy]
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+ 1—2 a
:fm,n—l—l fﬂ;L,;’L 1 fm,n . [ ;;;Ly (um+1,n _ Um—l,n)
a

Yy
+ 27]12 (uerl,nJrl — Um—1,n+1 — Umtin-1 T umfl,nfl)

Ay
+ 3 (Um41,n41 — Um—1n41 + Um+1,n—1 — Um—1,n—1

a
- 2(um+1,n - um—l,n)) + }ny (um—i-l,n + um—l,n - 2um,n)

a.
Yy
+ ﬁ(um—&-l,n—ﬁ—l — Um+1,n—1 + Um—1n+1 — Um—1n—1 — 2(Um,n+1 - um,n—l))

+ ﬁ (um+1,n+1 + Umt+1n—1 + Unm—1pn+1 + Um—1,n—1 + 4um,n

_Q(Um,n—l—l + Um,n—l + um—i—l,n + um—l,n))

(k2u)m,n+1 - 2(k2u)m,n + (k2u)m,n—1
h2

+ + O(h?).

Finally, assembling all the terms, we obtain a fourth order accurate approximation for equation

(1.2) on a compact 3 x 3 stencil:

1 Um+1,n — Um,n Um,n — Um—1,n
a/m_,'_%’n— Q, e

h h m=gn h
1 Umn+1 — Um,n Umn — Um,n—1
+ﬁ <bm,n+%h - bm,n%h)
W (PP a;OF,  [2a7  3au ”
12 \ 0z2 a Ox a? 2a | °
Qrxx gz 203; Um+1,mn — Um—1n (232)
* [_ > " T4 a2] 2h o
_h72 82Fy _ bl% % _ 3byy F
12 \ oy? b Oy b2 2b v
byyy |, Sbyyby QbS Ummn+1 — Umn—1 9
T a - T5 ’ ’ k m,n — Jm,n
+[ > oy R 2h m,n+( Wmn = fm,

In formula (2.32), the terms in parentheses premultiplied by % are evaluated on the grid with
second order accuracy using formulae (2.30) and (2.31). Scheme (2.30-2.32) is built on a square-
cell Cartesian grid with step size h. It can be decomposed into a 9-node (3 x 3) compact stencil
operating on u and a 5-node stencil operating on f, see Figure 2.1.

In Section 2.5, the scheme (2.30-2.32) is applied to several variable-coefficient problems;

however, for Chapters 3 and 4, only constant-coefficient problems will be solved. In the case of
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Figure 2.1: Stencils of the compact scheme (2.30-2.32).

constant coefficients, the scheme (2.30-2.32) assumes a much simpler form:

h?

(um+1,n + Umn+l + Um—1,n T Unmpn—1 — 4um,n)

+ W [um—f—l,n—i—l + Um+1,n—1 + Um—1,n+1 — Um—1,n—1 + 4um,n

_2(um,n+1 + Umpn—1 + Um+1,n + um—l,n)] (233)
]€2
+ E (um+1,n + Umnt+1 + 8Um,n + Um—1,n + um,nfl)

1
= fm,n + E (fm-i—l,n + fm,n—i—l - 4fm,n + fm—l,n + fm,n—l) .

We note also that a sixth order accurate scheme is constructed for the constant-coefficient
Helmholtz equation in [31] using the same 9-node compact stencil on the left-hand side, and a
sixth order compact scheme is built for the Helmholtz equation with a variable wavenumber &
in [32].

2.4 Boundary conditions for a square domain

In order to maintain high order accuracy, it is necessary that all boundary conditions be accurate

to the same order as the interior scheme, see [34].

2.4.1 Dirichlet boundary conditions

We first consider the variable coefficient Helmholtz equation with constant wavenumber & on a

square domain of side length s, Q = {(x,y)| —5<w<3, —5<y< %}

0 ou 0 (, 0u 9
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subject to the zero Dirichlet boundary condition:

u(z,y) =0 when z= :t% or y= :t;. (2.35)

The assumption k& = const is not necessary, and is introduced in equation (2.34) only for
convenience.

Discretization of the Dirichlet boundary condition (2.35) is completely straightforward. Con-
sider a Cartesian grid on the square €

m =

{(xm,yn)

M =s/h, zp=m-h, y,=n-h.

YA
L LA -

Since the scheme (2.32) is built on a compact 3 x 3 stencil, it does not require any additional

“numerical” boundary conditions, and we simply discretize (2.35) as

Um.p = 0 if mz:l:% or n:j:%,

’ 2 2
which is exact and therefore accurate to any order.

It is known, however, that when solving the Helmholtz equation on a bounded domain
subject to a Dirichlet boundary condition, resonances may occur. To avoid this undesirable
phenomenon, we employ additional considerations when choosing the wavenumber k. Let the
variable coefficients a = a(z,y) and b = b(x,y) in equation (2.34) be smooth and bounded on

Q. In addition, we require that

def . . .
vy = miny min_ a(zx,y), min b(x,y){ > 0. 2.37
{(1’79)69 (®9) (z,y) € ( )} ( )

Inequality (2.37) implies, in particular, that the operator

0 ou 0 (,0u

subject to the same Dirichlet boundary condition (2.35), is self-adjoint and positive definite on
the space WQQ’ 0(Q)2. To guarantee uniqueness of the solution u to problem (2.34) with boundary
condition (2.35), we must ensure that k2 is not an eigenvalue of the operator L of (2.38), (2.35).

This is done by estimating the smallest eigenvalue Ay of L, i.e., its eigenvalue closest to zero,

2This space is a completion in the norm W3 (Q) of the set of functions CZ(Q) C C?(Q) that are twice
continuously differentiable on Q and are equal to zero on 9. For self-adjointness on W2270 (Q), in addition to
(2.37) one also needs to require an upper bound on the coefficients a and b, and on absolute values of their first
derivatives, see [35, Sections 145, 148, 149].
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and then choosing k accordingly.
As shown in [35, Section 150], the following estimate holds for the smallest eigenvalue of L:
v
>

)\min = T
cQ

where v is defined in formula (2.37), and cq is the constant from the Friedrichs inequality,

[ s <o [ (52)" 5 (50) ) aca 29)
Q Q

When (Q is a square of side length s, it is easy to prove (see [36, Section 115]) that cq = s? (the
area of the square) in inequality (2.39). Consequently,

1%

Inequality (2.40) implies that choosing the wavenumber & so that

k2 < ?V? (2.41)
is sufficient for avoiding the resonances (and thus having uniqueness), since then the sum
Amin — k2 will remain positive.

In fact, estimate (2.40) is conservative and can be sharpened. If, for example, L is the
negative Laplace operator so that @« = b = 1 and v = 1, then the first eigenfunction is
v = cos(mz/s) cos(my/s) and the minimum eigenvalue is Amin = 272/s2. Hence, for practical
purposes we estimate the minimum eigenvalue of L by merely replacing the coefficients a and
b in (2.38) by their minimum value v of (2.37). This leads to a weaker constraint on k instead
of (2.41):
212y

2
K< =5

; (2.42)

In the numerical experiments of Section 2.5.1, we make sure that inequality (2.42) holds. This

is a sufficient but not necessary condition for the uniqueness of a solution.

2.4.2 Local Sommerfeld-type boundary conditions

In order to test the performance of the scheme for larger values of k, the constraint given by
inequality (2.42) must be alleviated. A convenient way of doing that is to modify the boundary
condition so that the problem is no longer self-adjoint: its spectrum becomes complex, hence
no real value k? € R can be an eigenvalue.

In [34] (corrected in [37]) Erlangga and Turkel derived a fourth order accurate scheme for a
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simplified absorbing boundary condition:

ou .
87:6+Zﬂu—0.

Furthermore, they present computational evidence that if the interior scheme is fourth order
accurate but the absorbing boundary condition is only second order accurate, then the global
accuracy is second order.

Here, we set the local Sommerfeld-type boundary conditions on two opposite sides of the

square €):
% tiku=0 if z= g (2.43a)
% —iku=0 if z= —%, (2.43b)

and keep a homogeneous Dirichlet boundary condition on the other pair of opposite sides:
w(z,y) =0 if y= i%. (2.43¢)

We emphasize that we do not intend to simulate the actual radiation of waves toward infinity
by means of boundary conditions (2.43a) and (2.43b). The problem is still solved on a bounded
region (a square), and our goal is rather to avoid the eigenvalues in the interior.
First, we again set the exact discrete Dirichlet BCs at the top and bottom edges of the
square:
Umn =0 if n= :I:%. (2.44a)

Boundary conditions (2.43a) and (2.43b) are then approximated on the grid with fourth order

accuracy using compact differencing. For convenience, they are set at half-nodes:

Uz 4 + ikqu%,n =0, (2.44Db)

Usy zku%n =0. (2.44c¢)

We will treat the left boundary of the square x = —3, and the analogous case of the right
boundary x = 5 will follow by symmetry. First, we approximate (2.44c) with second order

accuracy as follows:

2
U —ikuy = 2bn T l0n (h/2) U
TLm o h 6 in
Ul n + Uon

2

(2.45)
— ik

h/2)?
+ik( /2) Upe, + O(RY).
bR
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In order to eliminate the O(h?) terms in (2.45), it is sufficient to approximate the derivatives
Ugez, and Ugg, ; with second order accuracy. To do so on the compact stencil, we will use
the same difference formulae (2.27a) and (2.27b) obtained from the equation-based expressions
in Section 2.3. Taking into account that f(x,y) is compactly supported inside the square, we

can assume that near the boundary f = 0. For the derivative us,, , this yields:

ln
2
ulen = (F:r_axux) 1
2 5.
1 9 u%,n—l—l - u%,n—l
—a;,n<_(k in = buy, =, (2.46)
U1 2u1, +u1
Lntt 1 11 u
(A P 0’”) +O(r).

Similarly, for w,,,, we obtain:
2

1 /OF, 2a
Ugzr =— ( Z ArgUy — Tx(Fx - ax“x))

sn a \ Ox )
M
1 bay,
= - 2 (u1 —ui,_ )
ai , h 5.m+1 5m—1
2?
by,
+ W (Ul,n-i-l —UQp+1 — Uln—1+ UO,n—l)
by |
+ W(u%,n‘l*l + u%,nfl — 2U%’n) (247)
b1

27
+ 7)3 (U1n41 — Yont1 + UL -1 — Uon—1

2(h/2
(K2u)1 — (k%)o,n]

—2(u1,n — uom)) +

h
Ul — UOn 2ax%,n 9 u%,n—i—l - u%,n—l
— gz, — — (K*u)1,, — by,
2™ h ai . 2’ PR h
27

) UL g1 — 2“%,71 + Uln " Ut — Uo,n n O(hg)

— 01 .
L (h/2)? e R

Formulae (2.46) and (2.47) still contain the values of u at semi-integer grid locations. To

have a scheme that would only operate with full-node values, we replace ui , by the second
3

U1, n+UO,n . .
—5—", and proceed similarly for the terms u Lntls

and (k2u 1 . Using this modification, we obtain a fourth order accurate approximation of the
n
2 b

order approximation wi , ~ U1
27

5,71—17
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boundary condition (2.43b) in the form

Ulp — U, h? . U1,n + U, h?
(nhn — Muxm%m> — Zk <7’L21’L — gum%’n = 0, (248)

where the terms g, , . and Uz, are evaluated according to (2.46) and (2.47), respectively.

,n

2 2
Similarly, the boundary condition (2.43a) is approximated as

UM — UM—1, h2 (Ut +un—, B2
<nhn - %uxmj_%n) +ik <n2n — tea, ) =0, (249)

where the terms Ug, and Ugge,, | —are evaluated according to the analogues of (2.46)
—g5n —5.n
and (2.47), respectively.
For the case of the constant-coefficient Helmholtz equation dealt with in Chapters 3 and

4, the fourth-order formulae for the Sommerfeld BC (2.44) with the discrete representations
(2.46-2.47) for the derivatives simplify as follows:

UMp — UM—-1n 1
—_— 67L(UM,n+1 — UM 1041 + UMn—1 — UM—1n—1 — 2(UMn — UM—1,n)

h
k2h ] Unp + UM, h2k2
_ﬂ(uM,n - ’LLM—l,n)) + ik ( n 5 LR < Ui
Mgl 2upr—y -1 T UM—?”f) -0
2 ’
(2.50a)
ul,TL - uO,n 1 2
S G ( — o+ s — oo = 200~ o)
Kh (o | PR U~ 2ug by
_ﬂ(ulm - UO,n)) — ik ( D) + g u%’n + 5 = 0.
(2.50b)

2.5 Numerical verification of the Cartesian scheme

To achieve the desired fourth order of accuracy in our compact finite difference approximation,
the test solutions u = u(x, y) for equation (2.34) must be at least 6 times continuously differen-
tiable. Additionally, to satisfy the boundary condition (2.35) or boundary conditions (2.43), it is
also convenient to choose the solution to be compactly supported inside the square D. We have
found it easiest to devise such test solutions using polar coordinates, and we then convert back

to Cartesian coordinates for actual computations. Specifically, we take a smooth and compactly
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supported function of r and multiply it by a smooth 27 periodic function of 6 for generality.
In doing so, to guarantee regularity at » = 0, we additionally require that the function of r be
equal to zero at the origin along with sufficiently many of its derivatives. Then, we substitute
the resulting u(r, ) = u(y/22 + y2, arctan(y/z)) into the left-hand side of equation (2.34) and
derive the right-hand side f = f(x,y), which is subsequently used in the scheme.

Our implementation was written in MATLAB, and the linear system obtained from our
scheme is solved via MATLAB’s built-in direct sparse solver. The computations were performed
on a 2.16 GHz Intel Core 2 Duo MacBook Pro with 2 Gb of RAM running on Mac OS X.

The results in the following examples demonstrate fourth order convergence with respect to
the grid size, and a somewhat faster than linear growth of the time required to compute the

solution.
2.5.1 Dirichlet boundary condition

Example 1

For our first example, we use a test solution u, based on a trigonometric function of r, and

coefficients a and b as follows:

sin®(2r) cos(), r <3
u(z,y) =
0, r> 3
sin(2y/22 + y2) cos(arctan(y/z)), r <3
0, r>3 ’

a’('r7 y) :1 + e_xQ_yQ’
z? + y2

b =14+ ——.

The domain in this case is a square of side length s = 7w centered at the origin. The value of k

was chosen to be k = 1. Note that in this case

v= min {a(z,y),b(z,y)} = min{l + e ¥ 14 0} =1,
(z,y)eD

and thus we see that (2.42) is satisfied since

272 272y
P=1<2="="2/"
2 52

Table 2.1 compares the error of the numerical and exact solutions on a series of grids of step-

sizes h given in the leftmost column. From column 3 we clearly see the fourth order convergence.
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Column 5 indicates that computational complexity of the direct solver scales somewhat faster

than linear as the grid dimension increases.

Table 2.1: Grid convergence and computation time data for example 1.

h ||t — Unum||oo | Convergence Rate Time Time Scaling
1/4 3.63-1072 - 3.42-1073 -
1/8 1.82-1073 4.47 1.50 - 1072 4.38
1/16 1.10-107* 4.07 6.65 - 1072 4.44
1/32 | 6.79-1076 4.02 31 4.64
1/64 | 4.22-1077 4.01 1.54 4.98
1/128 | 2.64-1078 4.00 8.71 5.67

Example 2

In this example, we use a test solution v which is derived from a polynomial in r, with a and b

as follows:

r8(1 —r%)%sin(9), r<1

u(z,y) =
0, r>1
(22 4+ 9y?)3(1 — 22 — y?)8 sin(arctan(y/z)), r <1
0, r>1 7
arctan(z
a(z,y) =1+ J,
2T
2 2
vty
b =14+ —"-.

Note that a is an asymmetric function of z and y, whereas both a and b were radially symmetric
in the first example. The domain is a square of side length s = 2, centered at the origin. We
choose k = 1, and so (2.42) is satisfied since

arctan(—1)

v= min {a(z,y),b(z,y)} = min{l +

7
,1+0} ==
(z,y)eD 2 } 8
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and
1472 _ 272y
32 g2

The computational results are summarized in Table 2.2. Column 3 clearly shows the fourth

P=1<

order convergence.

Table 2.2: Grid convergence and computation time data for example 2.

h ||t — Unum||oo | Convergence Rate | Time(s) | Time Scaling
1/4 1.48 1073 - 1.02-1073 -
1/8 6.03-107° 4.96 4.88-1073 4.77
1/16 | 2.27-1076 5.16 2.10-1072 4.30
1/32 | 1.24-1077 4.28 0.11 5.05
1/64 | 7.42-107° 4.09 0.56 5.30
1/128 | 4.63-10710 4.00 3.23 5.76

Example 3

We now use a test solution « which includes an exponential function in r:

(1—r2)5(1 = e7")5sin(cos(d)), r <1

u(z,y) =
0, r>1
(1 _ $2 _ y2)6(1 — e—x2—y2)6 Sin(COS(aTCtan(y/x)))a r<l
0. r>1 7
t
a(z,y) =1 + Etanz+y)
2w
a2 g2
bay) =1+

The domain is a square of side length s = 2 centered at the origin. We choose k£ = 1 and
verify that (2.42) is satisfied:

arctan(—2)

v = min {a(z,y),b(x,y)} = min{l + , 1} ~ 0.8238.

(z,y)eD 2
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We can then compute the bound in (2.42) to be approximately 3.3489, and with our choice of
k=1 we indeed see that (2.42) is satisfied. Table 2.3 summarizes the numerical results. As before
column 3 demonstrates the fourth order convergence, and column 5 shows that computational

complexity scales faster than linear as the grid dimension increases.

Table 2.3: Grid convergence and computation time data for example 3.

h [l — Unuml||oo | Convergence Rate | Time(s) | Time Scaling
1/4 5.13-107° - 1.30- 1073 -
1/8 2.71-1076 4.36 4.94-1073 3.79
1/16 | 1.07-1077 5.03 2.06-1072 4.18
1/32 | 5.43-107° 4.43 0.11 5.24
1/64 | 3.25-10710 4.09 0.56 5.14
1/128 | 2.016- 10~ 4.01 3.24 5.82

2.5.2 Local Sommerfeld-type boundary conditions

To demonstrate the effectiveness of using the Sommerfeld-type boundary condition to eliminate
resonances, we now let k = 20 in each of the three previous examples of Section 2.5.1, and use
the Sommerfeld-type boundary conditions (2.43) instead of the Dirichlet boundary condition

(2.35). In all of the following examples, we take a square domain of side length s = 4.

Example 4

Table 2.4: Grid convergence and computation time data for example 4.

h [l — Unuml||oo | Convergence Rate | Time(s) | Time Scaling
1/8 2.01-1073 - 3.41-1072 -
1/16 | 1.07-107* 4.34 0.19 5.69
1/32 | 6.35-1076 4.10 1.07 5.51
1/64 | 4.01-1077 3.98 7.20 6.74
1/128 | 2.51-107% 4.00 48.74 6.77
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Example 5

Table 2.5: Grid convergence and computation time data for example 5.

h ||t — Unum||oo | Convergence Rate | Time(s) | Time Scaling
1/8 4.69-10~* - 2.94-1072 -
1/16 1.54-107° 5.52 0.20 6.80
1/32 | 8.98-1077 4.14 1.15 5.77
1/64 | 4.84-1078 4.31 8.39 7.27
1/128 | 2.71-107° 4.23 53.00 6.31

Example 6

Table 2.6: Grid convergence and computation time data for example 6.

h ||t — Unum||oo | Convergence Rate | Time(s) | Time Scaling
1/8 1.63- 107 - 3.49 -1072 -
1/16 | 3.77-1077 6.57 0.22 6.20
1/32 | 235-107% 4.00 1.21 5.58
1/64 | 1.45-107° 4.02 7.50 6.21
1/128 | 8.92-107!! 4.03 59.10 7.88

2.6 Auxiliary problems for the method of difference potentials

In this chapter, we have demonstrated the equation-based approach for building high-order
FD schemes in 1D and 2D. While schemes for the Helmholtz equation in polar coordinates in
both one and two dimensions were derived, the remaining chapters will make use only of the
Cartesian scheme (2.33) of Section 2.3, even though the domain used in those chapters is a

disk centered at the origin. This will demonstrate that the method of difference potentials in
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Chapter 3 allows us to apply this Cartesian scheme on domains for which the boundary curve
is not aligned with the grid without any loss of accuracy. As such, one and the same Cartesian
finite difference scheme can be used for a variety of nonconforming boundary shapes.

In order to apply the method of difference potentials, we will embed the domain € in a larger
domain §2p. The larger domain £y will be used to formulate what is known as the auxiliary
problem (AP). When formulating the AP, the only essential requirement is the existence and
uniqueness of its solution on € for any right-hand side g, and, of course, well-posedness (i.e.,
the continuous dependence of the solution on the data). Otherwise, the choice of AP will not
affect the solution that we ultimately obtain inside §2. It is to our advantage then to formulate
an AP that is easily solvable, and this is precisely the motivation behind our choice of the
square domain, as well as of the boundary conditions in (2.43). Moreover, this explains why
we have concerned ourselves in this chapter with only problems that have their support on
the interior of the square domain (which permits us to implement the Sommerfeld-type BC to
avoid resonances?), since the domain of interest, (2, will be strictly in the interior of the square

auxiliary domain €2y with side-length s. Altogether, the continuous AP is given by:

LU:g, erO’

u=0, y= iga (2.51)

Z;‘iz‘ku:o, r = i%,

where the right-hand side g is an auxiliary right-hand side that results from the method of
difference potentials rather than the physical source term of the problem.

Indeed, the AP (2.51) can be solved efficiently by means of the separation of variables*. As
pointed out in Section 2.4.2, it is known that the Helmholtz equation is prone to resonances if
only Dirichlet boundary conditions are used,® whereas the Sommerfeld-type conditions of (2.51)
make the spectrum complex and hence guarantee uniqueness of the solution to the AP. The
disadvantage of using Sommerfeld type conditions is that they introduce complex quantities
into the calculation, which is not always necessary for interior problems (unlike for the exterior
problems). Alternatively, one could use a Dirichlet or real Robin condition that was carefully
chosen to avoid zero (or very small) eigenvalues and would keep the solution real, and this

approach was adopted for some of the computations in [18].

31f, however, one is interested in solving problems on rectangular domains with other boundary conditions
than we have described, then Section 2.4.2 serves as an example of how to use the equation-based approach to
build high order approximations to the BCs on the compact stencil.

4Separation of variables can only be done in the case of the constant-coefficient Helmholtz equation, which
we use throughout Chapters 3 and 4. In the special case that a = a(x) and b = b(y) separation of variables may
also be used, but an LU-solver is employed for more general variable-coefficient equations.

5The Helmholtz equation is said to be at a resonance on Qq if —k? is an eigenvalue of the Laplacian subject
to zero boundary conditions at 0€2o. In this case, the solution to the Helmholtz equation is not unique.
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To form the discrete problem, we apply the compact scheme (2.33) to the differential equa-
tion Lu = g of (2.51):

75 (um+l,n + Umn+l + Um—1,n + Umpn—1 — 4um,n)

hQ
+ Tl [um—i-l,n—i-l + Um+1n—1 + Um—1n+1 — Um—1,n—1 + 4um,n
6h (2.52)
_2<um,n+1 + Umn—1 + Um+1n + Um—l,n)]
s (u - + 8 + + ) =g
12 m+1,n T Umn+1 Umn T Um—1n T Umn—1) = Im/n>

where we can formally think that [cf. formula (2.33)]

1
97(7];7)71 = Ggmmn + 12 (gm+1,n + 9mn+1 — 49mn + Im—1,n + gm,n—l) .

We emphasize, however, that the right-hand side g in (2.51) plays only an auxiliary role: it will
be present even if the the governing equation is homogeneous, and even in the inhomogeneous
case g is related but not identical to the source term of the PDE. As such, in our subsequent
analysis the explicit form of g, , will never be needed. What will rather be important for
constructing the difference potentials and projections is the final discrete right-hand side g,(ﬂ,’f)n
of equation (2.52). This right-hand side g™ will be obtained directly, i.e., without having to
relate it to any g from the continuous AP (2.51) by means of the five-node stencil. The auxiliary
right-hand side ¢® will be specified in Chapter 3 by the definition of the difference potential
(3.2). We also note that even though we keep the right-hand side g™ as a key innate element of
the method of difference potentials, the actual physical solutions that we obtain inside €2 in the
form of difference potentials will be those to the finite difference equation (2.33). Additionally,
the BCs of (2.51) are discretized according to (2.44) with the fourth-order approximations
(2.50) for the Sommerfeld-type BCs for the constant-coefficient Helmholtz equation.

As in the case of the continuous AP (2.51), the overall discrete AP (2.52) is supposed to
have a unique solution up, n,, m =0,...,M,n =0,..., N, for any right-hand side g, ,, (defined
on the interior sub-grid m = 1,...,.M — 1, n = 1,...,N — 1), and be well-posed. For the
constant-coefficient Helmholtz equation, the discrete AP (2.52) can be solved by a sine FFT in
the y-direction combined with the tri-diagonal elimination in the z-direction. The complexity
of this solution is log-linear with respect to the grid dimension N, and linear with respect to
M (note here that we have chosen a square domain, and, consequently, M = N).

In this way, the Cartesian scheme obtained in Section 2.3 with the boundary conditions
(2.43) will be used to solve the auxiliary problem in the method of difference potentials in
Chapters 3 and 4. Ultimately, this will yield the solution to the Helmholtz equation on a non-

Cartesian domain 2 without the usually associated loss of accuracy due to staircasing.
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Chapter 3

Difference Potentials

In this chapter, we introduce the method of difference potentials and present a numerical
approach for its universal treatment of boundary conditions [25]. In Section 3.1 we discuss dif-
ference potentials and projections, which can be considered as generalized discrete counterparts
of Calderon’s potentials and projections [6,7]. We show how the finite difference equations on
the domain of interest can be reduced to equivalent discrete equations at the boundary after en-
capsulating it in a larger auxiliary domain. Our main objective is to demonstrate the versatility
of the proposed algorithm in treating boundary conditions. Hence, we consider a computational
setting which is otherwise very straightforward. Specifically, we use the fourth-order accurate
compact scheme of Section 2.3 to solve the inhomogeneous interior problem for the Helmholtz
equation (1.1) on a uniform Cartesian grid in two space dimensions. Moreover, we simplify the
FD scheme to the case of constant coefficients. For the preliminary presentation of the method,
the computational domain is chosen as a disk — the simplest non-conforming shape for our
Cartesian finite difference grid. We emphasize that these restrictions are not limitations of our
approach, and this is done only to isolate the discussion of complicated boundary conditions in
an otherwise simple setting.

In Section 3.2, we provide a detailed account of how various types of boundary conditions
can be accommodated by the method of difference potentials. We illustrate the generality of this
approach by analyzing specific examples: Robin boundary conditions with variable coefficients
and mixed Dirichlet/Neumann boundary conditions. We identify those parts of the overall
numerical algorithm that need to be adjusted when changing the boundary conditions and
show that only minor changes are needed in the algorithm to accommodate changes in the
boundary condition.

In Section 3.3, we present the results of the numerical experiments. Our simulations cor-
roborate the theoretical design properties of the algorithm. Specifically, when the solution is

sufficiently smooth, the algorithm demonstrates fourth-order grid convergence. We also offer
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simulations to demonstrate that the grid convergence predictably slows down when the solution
lacks regularity due to singularities in the boundary data. Restoring the design convergence rate
when the solution has singularities at the boundary is the topic of Chapter 4. Additionally, we
show that boundary value problems with the same domain but different boundary conditions
or a different inhomogeneous source term can be solved very efficiently with no special changes

required in the algorithm.

3.1 Difference potentials and projections

Let © be a bounded domain on the Cartesian plane R?, and let I' be its boundary, I' = 5.

Consider the following boundary value problem:

Lu ™ Au+ k2u = 1, x €, (3.1a)
lI‘U = QSF, (31b)

where k& = const in equation (3.1a). Problem (3.1) is required to be well-posed, having a unique
solution u on {2 for a given ¢r. We discretize problem (3.1) on a Cartesian grid and solve it with
high-order accuracy using the method of difference potentials for the case where €2 is a disk
of radius r =1 centered at the origin and T" is a circle. Note that (3.1b) is a generic boundary
condition that will be specified later. The method allows for a broad variety of boundary
conditions (3.1b) which will be explored in Section 3.2. Throughout the presentation of the
method, the source term f of (3.1a) is always decoupled from the expressions resulting from
the differential operator, allowing different source terms or homogeneous problems to be treated

with ease.

3.1.1 The finite difference scheme and auxiliary problem

The method of difference potentials can be applied in conjunction with any finite difference
scheme. A key advantage of high-order schemes is their improved efficiency in reducing the
phase error, see Section 1. Hereafter, we restrict the discussion to the constant coefficient case,
since our focus is on the treatment of the boundary conditions. In the case of constant coefficients
or even a variable wavenumber, a sixth order accurate FD scheme is possible [31,32], but we
have chosen to implement the fourth-order accurate approximation (2.33) of Section 2.3 for the
inhomogeneous constant-coefficient Helmholtz equation (3.1a).

In order to apply the method of difference potentials, we formulate an auxiliary problem on
a larger square domain Q( which includes Q (i.e., the unit disk) as described in Section 2.6. For
the disk of radius 1 centered at the origin, we choose £y to be a square of side length s = 2.2 (also

centered at the origin). The continuous AP is posed as (2.51) with zero Dirichlet BCs on the top
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and bottom edges of the square and Sommerfeld-type BCs on the left and right edges to avoid
resonances of the Helmholtz equation. The discrete AP subject to the finite difference scheme
(2.33) for the constant-coefficient Helmholtz equation is given by (2.52), with the discrete BCs
given in (2.44) computed by the formulae (2.50). This discrete auxiliary problem can be solved
efficiently (see the concluding remarks of Section 2.6). The method of difference potentials
will require that we solve several such APs for a single problem, as will be made clear in the
forthcoming sections.

We now consider a Cartesian grid on the square auxiliary domain in the next section. We
will define various grid sets that are useful for building the discrete operators of the method of

difference potentials.

3.1.2 Grid sets and operators

Grid subsets Let Ny be a uniform Cartesian grid on the square €2y with step size h in both
the z- and y-directions, and let Mg C Ny be the set of its interior nodes, i.e., all nodes of Ny
except those on the edges of Qy. The solution u to the discrete auxiliary problem (2.52) will be
defined on the grid Ny, while its right-hand side ¢® will be defined on the grid M.

[ Interior ° °

[[] Exterior o o

7Y []Boundary o o
+

N+ [ + [ o o

@
(]
(<]
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(e]
o
(€]
(€]

Figure 3.1: Interior and exterior grid subsets and the grid boundary.

Let M C My be the set of nodes of My that are inside the physical domain €, i.e.,
M = My N €, see the red nodes of Figure 3.1. Since I' = 91 is not aligned with the grid, we
define its discrete analogue, v, which we refer to as the grid boundary. Let M~ be the set of all
nodes of My that lie outside €2, i.e., M~ = My\M™, see the blue nodes of Figure 3.1. Let N*
and N~ be defined as the sets of nodes of Ny that are used when applying the 3 x 3 compact
stencil (see Figure 2.1) to the nodes of M™ and M, respectively. In Figure 3.1, Nt consists of
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the red plus yellow nodes, while N~ is denoted by the blue plus yellow nodes. By design, there
will be an overlap in the sets N™ and N~ when applying the stencil to nodes of M™ and M~
which are adjacent to I', and we refer to this overlap, i.e., the intersection of these sets, as the

grid boundary, v = NT NN, see the yellow nodes of Figure 3.1.

Difference potentials The solution of the discrete AP (2.52) plays a key role in the con-
struction of the difference potentials and projections, which can be considered as discrete
counterparts of Calderon’s potentials and boundary projections (pseudo-differential operators),
see [6,7,8]. The difference potential will approximate the solution u of boundary value problem
(3.1) on the grid N*. The density of the difference potential is a grid function defined on the
grid boundary . It satisfies a special system of linear algebraic equations called the boundary
equation with projection (BEP).

We denote the discrete operator on the left-hand side of equation (2.52) by L. Let us
first discuss the operators for the homogeneous Helmholtz equation with f = 0. Then the
discrete AP (2.52) consists of solving the finite difference equation LMy = ¢™ on the grid
Np, subject to boundary conditions (2.44) computed by formulae (2.50a) and (2.50b). Define
the corresponding inverse operator G as the solution of the discrete AP (2.52), so that
u= GMg¢" Also consider a grid function & specified on the discrete boundary -, Figure 3.1.
The difference potential with density &, is given by

def §& on 7,

Pyt &y = w — G (L(h)w‘MJr), where w =

N———— 0 on No\’y.
gm

(3.2)

The operation L(h)w|M . = g™ in formula (3.2) denotes first the application of the operator
L™ to the auxiliary function w and then truncation of the grid function L™w to the grid
M+, see Figure 3.1. Note also that ¢g(® := L(h)w’MJr is the directly obtained right-hand side
of the discrete AP (2.52). As mentioned there is no explicit function g from the definition of
the continuous AP (2.51) to which we apply the 5-node stencil implied by the finite difference
scheme (2.33). The difference potential Py+&y is defined on the grid NT (that’s why we are
using the subscript “N*t7)! and at the nodes M it satisfies the finite difference equation [cf.
formula (2.33)]
LW (P &) = 0.

Along with the grid function &, consider a two-component vector function {r = (§o,&1)

'Even though both the auxiliary function w and the solution G™g to the discrete AP (2.52) are defined on
the entire grid N, the difference potential Py+&y as introduced by formula (3.2) is of interest only on the grid
NT.
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defined on the continuous boundary I'. £r can be used as the density of the genuine Calderon
potential of the differential operator L on the domain €2 [6,7], in which &g is interpreted as the
Dirichlet data and &; is interpreted as the Neumann data at the boundary I'. Provided that
the grid function &, is related to the continuous function &r in some special sense (&, must be
obtained from &1 as an equation-based extension based on the Taylor formula of order four,
see Section 3.2), the difference potential (3.2) approximates the continuous Calderon potential
with density ér with fourth-order accuracy on the grid N* (the design accuracy of our compact
scheme), see [8,38,18].

Truncating the difference potential (3.2) to v, we obtain the difference projection:

def
P&, = (Py+y) |, (3.3)
and then express the discrete BEP for the homogeneous problem as:
P&y =&, (3.4)

Its pivotal property (see [8]) is that a grid function &, satisfies the BEP (3.4) if and only if
it can be obtained as the truncation to 7 of a solution u [defined on N, Figure 3.1] of the
homogeneous difference equation (2.33) with f = 0: L™y = 0. Thus, the BEP (3.4) provides
an equivalent reduction of the discrete equation L™y = 0 from the grid domain Nt to the grid
boundary ~. If the grid function u satisfies L™y = 0, then its truncation &y = uly must satisfy
the BEP (3.4). Conversely, if the grid function &, satisfies the BEP (3.4), then there exists a
function u defined on Nt such that Ly = 0 and uly = & . In fact, this u is given by the
difference potential (3.2): u = Py+&,.

In Chapter 4, we will need the ability to solve inhomogeneous problems since singular
problems, even when homogeneous, require the solution of an inhomogeneous “regularized”
problem when using the method of singularity subtraction presented there. When the Helmholtz
equation (1.1) is inhomogeneous (i.e., the right-hand side f is nonzero), the BEP (3.4) also
becomes inhomogeneous:

P&+ Tr, GBI — ¢ (3.5)

The function f® is equal to the right-hand side f on the interior nodes of the discrete domain
(since f is only defined inside of the given domain) and is equal to zero on the exterior nodes (see
Figure 3.1). B®) denotes the 5-node stencil operator of the finite difference scheme (2.33), and
the operator TrVG(h)B (n) f(h) represents the trace on the grid boundary v of a grid function
G BW™ (M) defined on Ny. The extension f" of f is necessary since the operator G is
defined by the auxiliary problem and operates on the entire auxiliary domain. Consequently,

the difference potential from which we obtain the solution now also contains an inhomogeneous
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term:

u= Pyi& + GMBW ), (3.6)

Note that the difference potential (3.2) and, consequently, the projection (3.3) depends on
the choice of the AP since changing the AP will change the inverse operator G"). However,
the change of the AP does not affect the range of the projection P,, i.e., it does not change
the set of solutions to the BEP (3.4), as long as the AP remains uniquely solvable. In other
words, when changing the AP one only induces a different projection onto the same subspace

of solutions, see [8].

3.2 Treatment of the boundary conditions

In this section, we show how to account for the given boundary condition (3.1b) in order to

‘F of the solution u to problem (3.1) at the boundary

', and subsequently obtain the discrete solution of (3.1) on the grid N* in the form of the

approximately reconstruct the data (u, g—:ﬁ)

difference potential (3.2). It is from the treatment of the BCs by a truncated series expansion in
Section 3.2.2 that the need for solving several APs (2.52) will arise. First, we need to build the
equation-based extension of an arbitrary pair of functions, ér = (o, &) }F, from the continuous

boundary I' to the grid boundary v in order to apply the discrete operators of Section 3.1.2.

3.2.1 Equation-based extension to the grid boundary

The extension of a given &r = (50,51)|F from the smooth boundary I' to the grid nodes ~
(specifically the nodes adjacent to I', see Figure 3.1) is constructed using a truncated Taylor

expansion with differentiation in the direction normal to I'. Consider £r as the data of some

0
(&)aél)‘r = <U> a:;)

and we define the function v near the curve I' by means of the Taylor expansion:

function v = v(z, y),

)

r

282
+2
r 2 0n

383
+ 222
r 6 0n

,oi ot
r 24 on?

0
Ud:efvr—l-pl

- (3.7)

.
In formula (3.7), p denotes the distance (with sign) from a given point near I' to the curve
I'. We emphasize that while formula (3.7) takes the usual form of a Taylor approximation to
the function v, it should not be interpreted this way. Instead, it should be thought of as the

definition of v. The new function v can be evaluated at any point (x,y) which is sufficiently

close to I'. In particular, we call this new function £, when its domain is restricted to the nodes
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of the grid boundary ~, see Figure 3.1:

Ly

&y (3.8)

o

However, the foregoing definition is not complete until we specify how to compute the
normal derivatives of order 2 and higher required for formula (3.7). These will be obtained using
equation-based differentiation applied to the homogeneous Helmholtz equation with constant
coefficients, (3.1a) with f = 0. It will be convenient to treat the homogeneous case first, since
we will compute the homogeneous and inhomogeneous components of the extension separately.
The inhomogeneous term will be obtained by the separating out the right-hand side f and its
derivatives from the same process which we now apply to the homogeneous equation.

First, we assume that the “input” functions v and g—z are known analytically on the circle I'
so that we can readily compute their tangential derivatives. Since we consider the simple case of
a circular boundary I' centered at the origin, the outward normal to I' and the direction of the

polar radius coincide. Hence, it is convenient to recast equation (3.1a) using polar coordinates
(r,0):
10v +32v n 1 0%
ror  or?  r?206?

Equation (3.9) allows us to obtain the second derivative of v with respect to r:

0%*v 1ov 10%

+ k%v = 0. (3.9)

Recall that v and %}z = % are given on ', and that % can be computed analytically as the

second tangential derivative of the given function v. Hence, (3.10) allows us to compute the

term gf;; = % in the Taylor expansion (3.7).

93 fokd o4 o4 :
’617,1;’:677}”) d@nz‘i:ﬁ’vw‘

equation-based differentiation®. In particular, we take the derivative of (3.10) with respect

We proceed to find the remaining normal derivatives

to r to obtain:
Pv 1w 102 20 1 v 2OV

— et 52— — 5= — . 3.11
ors  r29r ror? + 3062 12 ordh? or (3.11)
We are able to evaluate % using the given function %, the analytically computed second

tangential derivative of % for %, and the representation (3.10) for %. This way, we can

compute the third normal derivative term of the Taylor expansion (3.7). To compute the next

2This is the same method by which we obtained alternate representations of the truncation terms for finite
difference schemes in Chapter 2.
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term, we differentiate equation (3.11) with respect to r:

ot 200 20 19% 609% 4 v 1 ot 2@

Tl T — - . 3.12
ort r3or  r2or2  rord  rt002  r30rof%  r?or2062 or? (3.12)
Again, the term % is given, the terms % and % are evaluated via (3.10) and (3.11), re-
spectively, and the terms % and % are computed analytically as the tangential derivatives

of the given pair of functions (v, %). The only remaining term of (3.12) that has not been
accounted for yet is %. We evaluate it by differentiating equation (3.10) twice with respect
to 6:

(3.13)

84U —— 1 831} +i@+k2&
or2002 rordf? = r2 004 062 )

Note that all of the terms required to compute % by (3.13) are tangential (i.e., angular)
derivatives of v and %. Therefore, substituting (3.13) for % into (3.12) completes our ability
to calculate the fourth normal derivative % = % in the Taylor expansion (3.7).

Thus, given an arbitrary pair of functions (1), %) defined along the circle I', a fifth-order
extension from the continuous circle to a nearby grid node along the normal direction is accom-
plished by substituting equations (3.10-3.13) into the Taylor expansion (3.7). In [18, Appendix
A], a similar extension is built in the case of an arbitrary smooth curve I'.

Hereafter, we use the notation Ex for the equation-based extension operator defined by
formulae (3.7-3.8). It will act on an arbitrary pair of continuous functions defined on I': {r =
(€0,&1)|r. This operator uses the truncated Taylor expansion (3.7) to construct a new function
v(z,y) near I', which is then sampled at the grid boundary 7 according to (3.8). This yields the

grid function that we refer to as &,:

& = Exér = Ex (&, &) |-

We emphasize that while the normal derivatives of order two and higher in formula (3.7) are
obtained by differentiation based on the Helmholtz equation (3.1a), the construction of the
operator Fx permits it to be applied to an arbitrary pair of functions. Thus, &r does not
need to represent the data of a solution to equation (3.1a) in order to apply the operator.
However, if ér happens to be the data of a solution u to equation (3.1a) on €2, then formula
(3.7) approximates this solution near I' = 92 with fifth-order accuracy with respect to n, and,
in particular, it shall do so at the nodes of the discrete boundary ~.

When the Helmholtz equation is inhomogeneous, which is unavoidable for problems with
boundary singularities (see Chapter 4), this extension process requires some modification. In
particular, the right-hand side of (3.9) becomes f rather than zero, and its differentiation must

be carried through in the subsequent derivations (3.10-3.13). It is convenient to separate out the
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contribution of the right-hand side f of (3.9) in the inhomogeneous case as it applies to formula
(3.7), which equivalently amounts to decoupling expressions (3.10-3.13) into the homogeneous
part and inhomogeneous part. In doing so, the Taylor expansion (3.7) is decomposed into the

homogeneous and inhomogeneous contribution as follows:

n v n p? 0% n p3 0%v pt o0t

V=0 —_— —_—— —_—— —_——

r p@rF 2 0r2l 6 Or3|p 24 ort|.
homogeneous

(3.14)

6 \or r 24\ 0r2 12002 ror r2

inhomogeneous

2 3 4 2 2
_|_p7f_|_’0 <af_1>+p <8f_1af_1af_k2f_|_3f>‘

The derivatives of v with respect to. r in formula (3.14) are computed according to the homo-
geneous expressions of (3.10-3.13). One advantage of decomposition (3.14) is that it reduces
redundant computations. Observe that the inhomogeneous contribution contains no terms which
ov )

are associated with the input functions &r = (£o,&1) = (v, 5o The computational savings

B
that result from this observation are two-fold. On the one hand,rwe can compute the inhomo-
geneous contribution once and then, for each pair of input functions ér = (o, &1), simply add it
to the result of the homogeneous extension separately. On the other hand, if we desire to solve
a problem with a different right-hand side f, then we do not need to redo the homogeneous
extensions, but only the new inhomogeneous contribution. This latter observation implies that
solving multiple related problems will be very efficient, which we explore in the numerical tests
of Section 3.3.8.

In the case that & = (&p,&1) happens to be the trace of a function v which satisfies the
inhomogeneous Helmholtz equation (3.1a) on , i.e., o = v|r and & = %}L ‘F, then formula (3.7)
or, equivalently, (3.14), yields a fifth-order Taylor approximation of v. We emphasize, however,
that these formulae can be applied to any function ér = (£, &1) given at the boundary T', and
we will actually apply them to the specially chosen basis functions which are not traces of any
solution to the Helmholtz equation. This allows us to incorporate the boundary condition (3.1b)
into the discrete BEP (3.4). To that end, we consider the extension process defined by (3.14)
as an affine transformation Ex, which maps a pair of functions & = (o, &) ‘1“ defined on the

circle I' to a new function &, defined at the nodes of the discrete boundary ~:

& = Exér = Ex (&,&) | = Ezy (§0,61) | + B f, (3.15)

where Exy and Ex; are the homogeneous and inhomogeneous contribution of (3.14), respec-
tively. Observe that while Ex is an affine mapping, Exy is a linear operator with respect to its

argument &r.
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Note, that to ensure the design convergence rate of the overall method, the number of
terms in the Taylor formula (3.7) that defines the operator Ex must match in a particular way
the accuracy of the finite difference scheme employed inside the computational domain. The
corresponding relations follow from the approximation theorems of the continuous potentials of
elliptic operators by difference potentials proven by Reznik [38,39]. While the actual proofs are
delicate, the end results can be used in their own right, and some of those results are reproduced
in [18, Section 4.4]. Moreover, in practice it turns out that taking fewer terms in (3.7) than
prescribed by [38] may be sufficient. For the fourth-order accurate scheme (2.33) that we have
implemented for the current study, the original Reznik theorem would suggest taking six terms,
which is the sum of the accuracy of the scheme (fourth order) and the order of the differential
equation (second). However, it appears sufficient to truncate the Taylor expansion after the
fourth derivative term to preserve the overall fourth-order accuracy. For other finite difference
schemes, the number of terms in the expansion will need to be chosen accordingly, see [18,38,39]

for more detail.

3.2.2 Series representation of boundary functions

The next step is to select a basis for the space of smooth pairs of functions, &r, on I':
¥ = @,0) and ) = (0,4), n=-co,... 00 (3.16)

This basis will help us represent the data (u, E%z) of the solution u to problem (3.1), see

e
Section 3.2.3. Provided that the expansion of a given &1 with respect to system (3.16) converges

sufficiently fast, we may truncate it and replace the infinite series with a finite sum:

N N
o= ¥+ D> v, (3.17)
n=—N n=—N
(£0,0) (0,61)

where the number NV that would guarantee the desired accuracy can be taken relatively small.
This is the case, e.g., for the Fourier series when &r are smooth periodic functions (see Sec-
tion 3.2.4). However, a different basis (3.16) may also be chosen, and the particular cases of
both Fourier and Chebyshev bases are invoked and discussed in subsequent examples to suit the
goal of solving specific non-standard boundary value problems (3.1). In addition, we emphasize
that the basis (3.16) may be selected independently of the discretization grid Ny, and this is
accomplished by choosing the accuracy of representation (3.17) ahead of time so that it will
match or exceed the accuracy that can be achieved on the grid (this is done for our case in
Section 3.3.2).
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In the interest of solving problem (3.1), we will first apply the operator Ex of Section 3.2.1
and extend an arbitrary € represented by the truncated series (3.17), from the continuous
boundary I'" to the grid boundary «. Then we substitute the resulting &, into the discrete BEP
(3.4). This yields a linear system in which the unknowns will be the coefficients Y and cg),

n=-N,...,N.

3.2.3 Applying the extension to form a linear system

Applying the extension operator Ex of (3.15) to the series representation (3.17) of a pair of

functions defined on the boundary, £, and noting that the operator is linear, we obtain:

N N
S ] VSRS SR
n=0 n=0
N N (3.18)
= Z O Bxy 0 4 Z Y Exy Y + Ex f.
n=0 n=0

where Ex '(ﬁ%o) = FEx (1/)7(10), O> and Ex 1/),(11) = FEx (0, @Z)S)) according to (3.16). In the homoge-
neous case (i.e., where f = 0 and thus Ex;f = 0 in the above), substituting expression (3.18)

into the discrete BEP (3.4) yields a system of linear algebraic equations:

N N N

N
> P EzyY + Y PP Byt = > DBz + > D Exyl),
n=—N n=—N n=—N n=—N

which we formalize by gathering the corresponding basis terms on the left-hand side:

N N

> P, -L)EzyY + > (P, - L)Ezy) =0. (3.19)
n=—N n=—N

If instead we solve an inhomogeneous problem, we substitute (3.18) into the inhomogeneous
discrete BEP (3.5) to yield the corresponding system, and the result of this substitution and
gathering the basis terms together is as follows:

N N
> (P, — L)Ezg ) + > V(P - L)Exyyp) = —~TrGWBW M — (P, — L) Ea;f,

(3.20)
In formulae (3.19-3.20), I, is the identity operator in the space of grid functions &, defined on

7. In matrix form, the linear system (3.19) can be recast as

Qc =0, (3.21)
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where the matrix @ is given by

Q=[(P,-L)Ezy"),...,(P,— L,)Exyp\) (P, — L)Exy"),.... (P, — L)Ezy)],

-~

Qo Q1
(3.22)
T
and c is a vector of unknown coefficients, ¢ = [c(g)v, .. ,cg\?),c(j])v, e 765\17) . Similarly, the
matrix form of the inhomogeneous equation (3.20) is given by
Que=—-TrGWBMW M _ q;f, (3.23)

in which Qp is the same as @ (3.22) in the homogeneous case, and the term @y is defined by
Qrf = (Py—L)Exf.

The dimension of the matrix @ in (3.22), is |y| x 2(2N + 1), where |v| is the total number
of nodes in the grid boundary 7, and the dimension of the vector ¢ is 2(2N + 1). The first
2N + 1 columns of the matrix @ form the sub-matrix @y and correspond to the coefficients
c%o), n=—N,..., N, while the last 2N 41 columns of @ form the sub-matrix ¢ and correspond
to the coefficients c,(ll), n=—N,...,N. These dimensions are unchanged in the inhomogeneous
case, with the dimensions of @y matching those of @, and the right-hand side terms of (3.23)
resolves to a single vector of length |v|.

Any solution ¢ = [c(o), c(l)] to the linear system (3.21) furnishes &r via formula (3.17),
and this, in turn, yields &, = Exz€r. As follows from the results of [38], the corresponding
difference potential (3.2) with the density &, provides a fourth-order accurate approximation to
the continuous Calderon potential of the Helmholtz operator L with the density €, see also [8,
Part I1I, Chapter 1] and [18, Section 4.4]. Moreover, the continuous Calderon potential u solves
the homogeneous Helmholtz equation (3.1a) on 2, and the density &r of (3.17) approximates
its data (u, g—Z) ‘F

to the inhomogeneous linear system (3.23) provides the coefficients to approximate &, = Ex§r

on I'. This is also the case when the equation is inhomogeneous: the solution

via formula (3.17), which, by design, solves the inhomogeneous BEP (3.5), and the solution of
the inhomogeneous Helmholtz equation is given by the inhomogeneous potential (3.6).
However, the linear system (3.21) may have multiple solutions. Indeed, it does not take into
account the boundary condition (3.1b) because it is derived from the discrete BEP (3.4) only. To
take the boundary condition into account and make sure the overall solution is unique, system
(3.21) needs to be modified and/or supplemented by additional equations. These remarks, as
well as the analysis that follows for the homogeneous case, apply immediately to the inhomoge-
neous problem also with no more modification than the inclusion of the inhomogeneous terms
of (3.23). The simplest cases to analyze are those of the Dirichlet and Neumann boundary

conditions, which we will now present.

41



Simple cases: Dirichlet and Neumann problems When the boundary condition is Dirich-
let, equation (3.1b) reduces to u‘r = ¢r, and we can expand the given Dirichlet data function
¢r (i.e., the first component of the data) with respect to the chosen basis (3.16), yielding the
coefficients chO), n=—N,...,N.Recalling that ¢ = [0(0)7 c(l)] = [C(_O])V, ceey 053), c(_lj)\,, ceey cg\lf) !
in (3.21), the vector ¢(©) in the Dirichlet case can be considered given while the vector ¢ is
unknown. Accordingly, system (3.21) is recast as @ ¢ = —Qyc®, where the right-hand side
can now be thought of as a given vector of dimension |y|. Then, the system is solved for ¢(!) in
the sense of least squares.

We may choose the number of basis functions N independent of the size of the discretization
grid Ny. This number can be fixed so that the accuracy of the truncated expansion (3.17) at the
boundary would exceed any accuracy that one might expect to obtain on the grid. This is easy
to achieve at a moderate cost, because when the boundary data are smooth and periodic, their
Fourier expansion converges rapidly (see footnote 3 on page 44) and the resulting N appears
not very large. Numerical studies on how to efficiently choose the the number of basis functions
for each grid is considered in Section 3.3. Once the dimension N of the boundary representation
(3.17) has been fixed, the final accuracy of the solution on the domain is controlled only by the
size of the grid Ny. For sufficiently fine grids, one should typically expect |y| > 2N + 1. Hence,
the system Qe = —Quec(® is overdetermined and admits a robust solution by least squares.
Moreover, as the original boundary value problem (3.1) has a unique solution, the discrete least
squares solution is “almost classical” in the sense that as the grid is refined, the residual at the
minimum decreases to zero with the rate determined by the accuracy of the finite difference
approximation.

In the Neumann case, conversely, the vector ¢(!) is given by expanding the boundary con-
dition g—z = ¢|r with respect to the basis (3.16), the vector ¢(©) is unknown, and the system
Qoc® = —Q;cW is solved in the sense of the least squares for c¢®. In any case, once both
¢ and ¢ are known, the vector ¢ = [¢(?), ¢(V)] is substituted into (3.17), and the resulting
&r is extended to « via the extension operator: &, = Ex{r. The difference potential (3.2) with
density &, is then computed to approximate the solution u to the boundary value problem (3.1)
with fourth-order accuracy on the grid N*.

A more detailed analysis of the Dirichlet and Neumann boundary conditions is provided
in [18] with numerical verification on both a circular and an elliptical boundary, as well as an
analysis of a simple Robin boundary condition with constant coefficients (but without corre-
sponding numerical computations). In Sections 3.2.4 and 3.2.5, we present a more comprehensive
analysis of the Robin boundary condition, which includes variable and/or discontinuous coeffi-
cients. In particular, this allows us to consider mixed boundary conditions, e.g., Dirichlet on one

part of the boundary and Neumann on the other part of the boundary. As stated previously, this
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analysis holds for the inhomogeneous case as well with the addition of the inhomogeneous terms
of (3.23). We present numerical verification of each of these BC types for both homogeneous
and inhomogeneous problems in Section 3.3.

Finally, we emphasize that the reduction of problem (3.1) from its domain to the boundary
based on Calderon’s boundary equations with projections, regardless of the type of the boundary
condition (3.1b), is always well posed as long as the original problem (3.1) itself is well posed,
see [8,18]. This is in contrast to methods based on boundary integral equations, for which care
must be exercised, on a case-by-case basis, in choosing the equivalent boundary sources such
that the resulting Fredholm integral equation is of the second kind (well-posed) rather than the
first kind (ill-posed).

3.2.4 The Robin boundary condition with smooth variable coefficients

Consider the case that formula (3.1b) represents a general Robin boundary condition with

variable coefficients:

a(0)u(t) + B0) 5 (6) = 6(6). (324)

where «, (3, and ¢ are smooth periodic functions of the polar angle 6 € [0,27]. We expand
each term of (3.24) with respect to the chosen basis (3.16), and obtain a set of linear algebraic
equations that will supplement system (3.21). In doing so, it will be convenient, though not
necessary, to consider the same basis functions for both u and g—:‘l, so that 1/1,(10) = zpﬁf), n =
—N,..., N, in formula (3.16).

Since formula (3.24) is comprised of smooth 27-periodic functions, it is natural to choose
a complex-exponential Fourier basis, z/)glo) 0) = @Z)S)(G) = ¢ To express the left-hand side of
(3.24) in this basis, we use a well-known convolution formula for the Fourier coefficients of a
product of two functions. Let f(#) and g(0) be 2m-periodic, and denote by f,, and gy, their Fourier
coefficients for the expansion with respect to the complex exponentials ™ n = 0,41, +2,.. ..

Then, it is easy to show that

(fg)n = o Z gmfm—w (325)

(0) (1)

We now expand the boundary condition (3.24) using this result. Let ¢y’ and ¢, represent
the Fourier coefficients of u(#) and S—Z(G), respectively, and let &y, 3, and ¢, be the coefficients
of a(0), 5(0), and ¢(0), respectively. Then, according to (3.25), formula (3.24) becomes:

N 0 A (1 ) o
% < Z amcgn)—n + Z Bmcm)_n> eme = % Z ¢nem9.

n=—oo m=—0oQ m=—00 n=—oo

By orthogonality of the basis functions, we obtain the following linear equation for each n:
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oo
3 (ozmcﬁfj)_n n Bmcﬁ,ll)_n) = én. (3.26)
m=—00

Moreover, since for sufficiently smooth functions their Fourier coefficients decay rapidly,? it is
sufficient to take only finitely many equations from (3.26) to supplement system (3.21). The
summation range on the left-hand side of each of these equations can also be chosen finite. The
specific number of equations needed will be determined based on the desired accuracy of the

Fourier expansions.
Assume we are given a tolerance € > 0. Then, using the generic notations f(0) and g(6), we

can find a positive integer number N [cf. formula (3.17)] such that
|fn| < € and |gn| <€ for |n| > N. (3.27)

Since the coefficients fn and g, decay rapidly, the number N in formula (3.27) is typically not
large even if € is taken on the order of the machine precision (specific choices that we have made
for particular examples are discussed in Section 3.3.) In general, assuming that € in (3.27) is
small, we can replace all of the coefficients with indices |n| > N in the Fourier expansions of f
and g by zeros.

We therefore consider a pair of sufficiently smooth 27-periodic functions f(#) and g(6) for
which we set f, = 0 and g, = 0 for |n| > N. To find the coefficients G‘;)n of the truncated
Fourier expansion for their product fg, we identify and exclude from the last sum on the right-
hand side of formula (3.25) all terms for which either fm_n =0 or g, = 0 (i.e., those terms,
for which either |m —n| > N or |m| > N, respectively.)

If n > 0, then m > m — n; thus, the upper bound for the summation will be m = N, and
the lower bound will be achieved when m —n = —N, which, solved for m, yields m =n — N.
Similarly, when n < 0, we have m < m — n, which results in the lower bound being reached by

m = —N, and the upper bound is reached by m —n = N, which implies m = n + N. Hence,

we have:
N
Z gmfmfny 0<n< 2N7
(f9), = v ™ (3.28a)
Z Gmfmen, —2N <n<0.
m=—N

If n > 2N, then the summation range in the first sum on the right-hand side of (3.28a)

becomes empty; if n < —2N, then the summation range becomes empty in the second sum.

3For an r-differentiable function with the derivative of order r in Ls, the rate of decay of its Fourier coefficients
1
is o(n™"), and accordingly, the rate of convergence of its Fourier series is o(nf(rfi)), see, e.g., [40, Section 3.1.3].
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Empty summation ranges yield zero Fourier coefficients so that

—

(f9), =0, |n|>2N. (3.28b)

Applying formulae (3.28) to equations (3.26), we arrive at the following finite system:

N
Z (&mcgg)fn + Bmcgi)fn> = ‘lgm 0<n<2N,

T’;;’;V—N (3.29)
> (Gmelnl + Bnc) ) = dny 2N <n <0,
m=—N

where the terms ¢, on the right-hand side become zero whenever |n| > N.

System (3.29) provides 4N + 1 additional equations to supplement the |y| equations of
system (3.21). The purpose of equations (3.29) is to take into account the boundary condition
(3.24), which is a particular form of (3.1b), whereas system (3.21) is responsible for satisfying
the differential equation (3.1a). Combining them yields a non-trivial solution which will satisfy
both the differential equation and boundary condition. The only inhomogeneity of the overall
system of equations comes from the coefficients én, that are non-zero, i.e., from equations (3.29)
with n = —N, ..., N. The dimension of system (3.21), (3.29) is [|y|+ (4N +1)] x 2(2N +1), and

) (1) (1)
]

its solution ¢ = [c(_O])V, ce iy CN S CI Ny s Oy T is to be sought for in the sense of least squares.
In the previously analyzed cases of the Dirichlet and Neumann boundary conditions, this
systems simplifies to coincide with our prior analysis. The Dirichlet boundary condition is
equivalent to @« = 1 and § = 0 in the general equation (3.24), yielding u(f) = ¢(6). Then,
ag=1,4,=0forn=—-N,...,—1,1,...,N, and Bn:O for n = —=N,..., N, so that system
(3.29) reduces to
cg)) = gZ;n, n=-—2N,...,2N.

Moreover, as qgn =0 for |n| > N, we can simply disregard the corresponding coefficients cglo),

and keep only those 05?), for which n = —N, ..., N. Substituting these c,(lo) = &, into (3.21), we
get:

X b
Q| @ | =-Q| : |,
e on
which is to be solved by least squares with respect to the unknown cﬁf), n=-—N,...,N.
Similarly, the Neumann boundary condition corresponds to &« = 0 and f = 1 in for-
mula (3.24). Consequently, &, = 0 for n = —N,...,N, 3 = 1, and 3, = 0 for n =
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—N,...,—1,1,..., N. This reduces equations (3.29) to
c,(ll) = qgn, n=-—2N,...,2N.
Again, we disregard those cg) for which n = —2N,...,—N —1,N +1,...,2N, because the

corresponding ¢, = 0 for |n| > N. Substituting the remaining D = bn, n=—N,...,N, into
(3.21) yields

0 d_n
Q| | =-
CS\(;) QEN

This is precisely the approach explained in Section 3.2.3 for Dirichlet and Neumann BCs, and
the analysis of the inhomogeneous case is equivalent with the addition of the inhomogeneous
terms on the right-hand side.

In the cases other than those of the Dirichlet or Neumann boundary conditions, the full sys-
tem (3.29) has 4N +1 equations, and it is not immediately obvious whether the 2N homogeneous
equations can likewise be disregarded. Indeed, while it is possible that for —2N <n < —N —1
or for N +1 < n < 2N the products of small terms on the left-hand side of the corresponding
equations (3.29) will be o(e) [i.e., asymptotically smaller than O(e)], it is not automatically
guaranteed. Experimentally, the setting with no homogeneous equations in (3.29) was tested,
and we observed that keeping or dropping those equations made very little difference for the
cases computed in Section 3.3.3. Theoretically, however, this issue requires more analysis, which

we leave for future study.

3.2.5 The Robin boundary problem with discontinuous variable coefficients

Consider the general Robin boundary condition (3.24), but with the relaxed assumptions that
«, 3, and ¢ are bounded and piecewise smooth rather than globally smooth. For simplicity,
assume that I' = I'y U 'y, where I'; includes all points on the circle with 6§ € [0,a) and T’y
includes all points on the circle with 6 € [a, 27) for some 0 < a < 27. Assume that «, 3, and ¢
are smooth and bounded on either I'; or I's, but are not necessarily continuous on the entire
circle T'. For example, they may have a jump discontinuity at # = 0 and/or 6 = a.

Since the boundary data are no longer assumed to be periodic, we introduce a Chebyshev
basis. Consider the standard Chebyshev polynomial basis, {15, (z)},—,, © € [—1,1], with the
weight w(x) = 2/mv/1 — 2. For a given function f(z), denote its Chebyshev coefficients by s
n=0,1,2,... To express the left-hand side of the boundary condition (3.24) in the Chebyshev
basis, we need to find the form of the expansion for the products a(#)u(f) and 5(9)%(9). In

appendix A, the Chebyshev coeflicients of a product are derived for a pair of arbitrary smooth
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functions f and g on [—1,1], see formulae (A.2). To implement this expansion in practice,
one first needs to truncate it and replace the series by a finite sum. As Chebyshev coeflicients
of smooth functions decay rapidly (the relation between the rate of decay and smoothness is
similar to that for the Fourier coefficients, see footnote 3 on page 44), for a given € > 0 we can

choose a relatively small number N such that

ful <& n>N,
lgn| <€, m > N.

We therefore, set f, = §, = 0 for n > N. Then formula (A.2a) for n = 0 immediately yields

N

(f9)o = 2d0fo + D Gmfm- (3.30a)
m=1

Consider the case 0 < n < N. On the right-hand side of the last equality in (A.2b), we first

replace the upper limit in the last sum by N because the factor g,, in the product under the

sum will be set to zero beyond m = N. Next, since n > 0, we notice that the index m + n is

the largest, and the corresponding terms become zero when m > N — n, which yields:

n—1 N N—n
_ 1 s . " 2 A p .7
(fg)n = ) (Z Gm(fn—m + fazm) + gn(fon +2f0) + Z Gmfm-n + Z gmfern) .
m=0 m=n+1 m=n+1
(3.30b)
We use equation (3.30b) when 1 < n < & Clearly the term fon in (3.30b) is zero whenever

n > % because its index will be 2n > N. Moreover, the last sum will be zero for n > % since

the smallest index of fm+n will be m +n = % +1+ % > N. To write the resulting formula in
a convenient manner while eliminating the zero terms for n > %, we first rearrange (3.30b) so

that the terms with the largest indices appear last:

-1 N n—1 N—-n
— 1 [« - . . . . .
(fg)n = 5 <Z Im frn—m + 20 fo + Z Im fm—n + Z Imfman + Gnfon + Z gmfm+n> .
m=0 m=n+1 m=0 m=n-+1
Next, we eliminate terms as the index becomes larger since they become zero. If n > ];] (note

that n = % can occur only if N is even), then the summation range in the last sum becomes

empty since

N—-n<N - <n<n+l1

N N
2 2
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Thus, if N is even, then we can write for n = %:

o 1 n—lAA . N . n—lAA .

(fg)n = 5 (Z Imfn—m + 2gnfo + Z Im fm—n + Z gmfm+n + gnfon |- (3.30C)
m=0 m=n-+1 m=0

Notice that the index m + n in the last sum of (3.30c) exceeds N if m > N — n. At the same

time, we see that if N <n < N, then N —n <n— 1. Thus, replacmg the upper limit in the

last sum of (3.30c) by the tighter bound N — n, we have, for <n<N,

(?\ <Z gmfn m + 2.9nf0 + Z gmfm n+ Z gmfm+n) . (330d)

m=n+1 m=0

For N < n < 2N, the summation range in the second to last sum in (3.30d) is empty. In
addition, g, = 0 and fm+n = (0 for any m > 0. Consequently, only the first sum will remain,

with the upper bound replaced by N since now n —1 > N:

—

N
1 .
(f9), = 529 faems n=N+1,...,2N. (3.30e)
m=1

Finally, observe for n > 2N that n —m > 2N —m > N, which leaves no non-zero terms so that

—

(fg9), =0, n>2N. (3.30f)

Altogether, the coefficients of the truncated Chebyshev expansion for the product fg are given
by equation (3.30a) for n =0, (3.30b) for 1 <n < &, (3.30c) for n = & (note that this occurs
only if N is even), (3.30d) for § < n < N, (3.30e) for N < n < 2N, and (3.30f) for n > 2N.
We now derive the supplementary linear system by applying formulae (3.30) to the general
boundary condition (3.24). Recall that we are considering a continuous boundary I" partitioned
into two pieces, I' = I'; UT'y, which are two arcs of the circle of radius 1 on the intervals 6 € [0, a)

and 6 € [a, 27), respectively. We now recast the boundary condition (3.24) as

ou

oM (O)u(6) + M (0) n( ) =¢"(6) on Ty,
ou

ol (9)u(6) + 5@ (6 )5 (0 ) =P (6) on T

(3.31)

To utilize the Chebyshev basis for (3.31), we perform a linear change of variables on I'y and
Iy from 0 to x so that x € [—1,1) in each respective case. For I';, we have 6 € [0,a) and

consequently,

xr=—-+ , (3.32a)
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whereas for I'y we have 6 € [a, 27), and the transformation is given by

0—a 0 —2m
T = .
2r—a 2m—a

(3.32b)

We consider two independent Chebyshev bases, one on each of the arcs, I'y and I's, and denote

their respective dimensions by N; and No. As such, we have two double-sets of coefficients:

T T

{C(O’l), c(l,l)] = [c(()o’l), ... ,ng;l); Cng)y e 765\1/5)} ’
T T

{6(0,2)’ c(l,Q)] = [c(()O,Q)’ ... 7653;2); C§172)7 e 765\1/;2)} ’

so that ¢ = [0(0,1)7 ¢ ¢(0.2), c(l’Q)}T. Accordingly, instead of formula (3.17) we now have:

Ny No N No
Ep = cho,l),/)go,l) + Z 0510’2)1/)%0’2) + Z 67(11,1)1)0511,1) + 267(11,2)1)07(11,2),
n=0 n=0 n=0 n=0
(€0,0) (0.61)
where
'l,b(o’l) _ (Tn?o) on Fla ’l)b(O’Q) (0,0) on Fl;
(0,0)  on I, (T,,,0) on T,
(3.33)
,lp(l,l) — (O7T’I’L) on Flv 1/)(172) _ (0,0) on Pl,
(0,0)  on I, (0,7,) on Ts.

The extension of a given basis function from (3.33) to the discrete boundary ~ is done
according to the same formulae derived for the Taylor expansion in Section 3.2.1. The matrix
Q is now partitioned into 4 blocks rather than 2, and will have the dimension |y| x [2(N1 +
1) +2(Na+ 1))

a=[a @ Q¥ o). (3.30

As in the previous case (Section 3.2.4), the corresponding homogeneous linear system (3.21) with
the matrix @ of (3.34) accounts for the differential equation (3.1a) but not for the boundary
condition (3.1b). Thus, we supplement it with additional equations to account for the boundary
conditions.

Transforming the boundary condition (3.31) according to (A.1) and taking into account
formulae (3.30) for the coefficients of the truncated Chebyshev expansion of a product of two

functions, we obtain a set of additional linear equations for each I';, i = 1,2. Specifically, we
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have for n = 0:

o1 1
c(()O,z)&((]z) 4 5 ng,z)@%) +C(()17z)/8(z) + 5 Cﬁ”)@(ﬁ) _ ¢(()z)’
m=1 m=1
for1<n< %
n—1
1 i ~(2 1 7 NG N(
5| 2 e (ai)_m i) + P (0‘53 +2a())
m=0
N;
n (0 z) _|_ Z Oz)
m=n+1 m=n+1
n—1
+ C <ﬁn m T ﬁn+m> + C (’82” ™ 2I80 >
m=0
N; .
+ 3 R+ Z e ﬁm+n> = o1,
m=n-+1 m=n+1
N;

for n = 5 (if V; is even):

QL) + el

n—1
(e (2,

) (af) + 24

N;
(()’)> i Z 0D

m=0 m=n+1
n—1 ‘ ) ) ) Ni N Al .
30 e (B + B ) + el (B +287) + D cﬁé“ﬂf,i)n) = 40
m=0 m=n+1
for % <n<N;:
1 n—1 ) N;
5 (chg,z)dfp C(O,z)&[()l) + Z s Z (0,%) n+m
m=0 m=n+1
n—1 .
+ B+ 20060 + Z mn+Z 1’)B+m>—¢$f),
m=0 m=n-+1

N; ' )
IERENE
m=0

9

(3.35a)

(3.35b)

(3.35¢)

(3.35d)

(3.35¢)

This gives us a total of 2N; + 1 extra equations for the 2(N; + 1) coefficients [¢(%9), ¢(19)],

where i € {1, 2}, so that the augmented system comprised of (3.21) with @ given by (3.34) and
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equations (3.35) will have the dimension (|y| +2N; + 142Ny +1) x [2(Ny + 1) + 2(N2 + 1)].
It shall be solved in the sense of least squares. We also observe that the only inhomogeneity in
the overall system arises from the supplemental equations (3.35a-3.35d) which account for the
boundary condition, whereas the remaining supplemental equations (3.35e) are homogeneous.

Finally, we demonstrate that in the case of simple boundary conditions, such as Dirichlet
or Neumann, the supplemental equations reduce to a diagonal system. For example, consider a

Dirichlet boundary condition on I'y and a Neumann boundary condition on I's. Then,
1, g
0, 3
Thus the Chebyshev coefficients of a® and 3@, i = 1,2, will be:

gll)_Oforn_l,...?N,
3D =0 forn=0,...,N
%2)_0f0rn—0,---,N7

N

,B(()Q)Zl, A(Q):()fornzl,...,

)

Consequently, equations (3.35) for ¢ = 1 reduce to

A = 6 for n = 0 from (3.35a),

c%o’l) =¢M forn=1,..., Ny from (3.35b)-3.35d, (3.36)
0=0 forn=N;+1,...,2N; from (3.35e),

while for ¢ = 2 they reduce to

C(()1,2) — q/;(()2) for n = 0 fI‘Om (3353)7
it = ¢ for n =1,..., Ny from (3.35b-3.35d), (337

=0 forn=N;+1,...,2N; from (3.35¢).

Subsequently, we substitute (3.36) and (3.37) into system (3.21) as we did in the Fourier case
(Section 3.2.4) to obtain a reduced system for the coefficients that remain unknown, ¢!) and
¢(©2) that is also solved in the sense of least squares. Clearly, any combination of the Dirichlet
and Neumann boundary conditions on I'; and I'y will yield a similar reduced system, and also
any inhomogeneity of the equation (3.1a) will require only the addition of the inhomogeneous
terms of the discrete BEP (3.23).

To conclude this section we mention that the same considerations as outlined in Section 3.2.4

for the Fourier case, apply to the Chebyshev case as well. Namely, the dimensions N; and Ns
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should be chosen so as to have the accuracy of the truncated Chebyshev expansion on either I'y
or I's exceed the accuracy attainable on the grid, and the specific choices that we have made
are discussed in Section 3.3. Moreover, other than for the simple Dirichlet and Neumann cases
it is not clear whether the homogeneous supplemental equations (3.35e) can be dropped from
the overall system — this question requires further theoretical inquiry.

Another avenue for further consideration is the potential for the undesirable growth in the
total number of basis functions needed when splitting the boundary I' into segments, and using
an independent basis for each piece. At first glance, it appears that we would accumulate basis
functions linearly with respect to the number of partitions, eventually sacrificing the efficiency
of the method. In fact, this should not be the case. A priori, any function on the continuous
boundary I' will experience less variation on a subinterval I'; C I' than on the whole of T,
even if the boundary data are oscillatory. Thus, achieving the same level of accuracy by the
expansion will require fewer coefficients on I'; than it would on I', and this property would
reduce the accumulation of basis functions due to the splitting of I' into smaller subintervals.

Specific quantitative estimates along these lines will be a subject for future study.

3.2.6 Derivatives of the Chebyshev polynomials near the endpoints

The extension from the continuous boundary I' to the discrete boundary « via the Taylor
formula (3.7) is done independently for each basis function (see Section 3.2.2), and this process
requires us to provide the basis functions themselves as well as their tangential derivatives up
to the fourth order, see formulae (3.12) and (3.13).# For the Chebyshev basis it is well-known
that the derivatives of the polynomials 7}, (x) near the endpoints x = £1 are not singular, but
their values become large. For example, the first derivative of the n" polynomial is

nsin(n arccos )

T! (z) = (cos(narccos )’ = :

V1—22

and taking successive derivatives will clearly retain the term 1 — 22 in the denominator with
increasingly higher exponents. Inevitably, whether by chance or by sufficient refinement of the
grid, we will need to compute the values of these derivatives “close” to the endpoints x = 1
and/or x = —1. Specifically, this happens when the foot of the normal dropped from a given
node of v to I, see Section 3.2.1, appears to be close to one of the points that partition I' into
segments (f = 0 or = a in Section 3.2.5). In this case, the overall accuracy may deteriorate via
the loss of significant digits. We have, in fact, computationally observed such a loss of accuracy.

To avoid this undesirable phenomenon, we employ an approach that allows us to completely

eliminate the need to compute the derivatives of the Chebyshev basis functions near the end-

4 Additionally, for a higher-order scheme one may need to use a higher-order Taylor formula, requiring even
higher-degree tangential derivatives to be supplied.
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points. The key idea of the approach is to use an extended interval for the Chebyshev basis.
That is, instead of linearly transforming the intervals 6 € [0,a) and 6 € [a, 27), i.e., the arcs of
the circle I'; and T'y, to the interval x € [—1,1) to form the Chebyshev expansion, see formulae
(3.32), we will instead linearly transform them to a smaller interval € [-1 +¢,1 — &) where
e>0:

a a

x= <9+ 9_“>(1—s) (3.382)

and

x:<9—a +9_2”>(1—5). (3.38D)

2r—a 2w —a
In doing so, formulae (3.38a) and (3.38b) obviously provide a transformation between the full

interval € [—1,1) and the two extended intervals of the variable 0:
z€[-1,1) «— 0 € |—ao,a+ao) (3.39a)

and
xel[-1,1) «— f€fa— (2 —a)o, 27+ (27 —a)o), (3.39b)

respectively, where o = %fs > 0.

We then extend all the functions that define the problem, oM (g), 3(1(8), ¢ () and
a@(0), 5 (0), ¢ (6), see formula (3.31), smoothly but otherwise arbitrarily from their re-
spective intervals [0, a) and [a, 27) to the extended intervals (3.39a) and (3.39b), so that they can
subsequently be represented as functions of = using a standard Chebyshev series on [—1,1). We
also formally assume that the unknown functions u and % are defined on the same extended
intervals (3.39) so that we can identically reproduce all the arguments of Section 3.2.5 and
obtain the same supplemental equations (3.35). At the same time, to build the extension (3.7),
(3.8) of a given basis function from I' to v we will need to know this function only on the
corresponding arc I'y < 0 € [0,a) or 'y < 6 € [a,27), or, equivalently, on the reduced interval
[-1+¢,1 —¢), because it is those actual arcs where the normals from  can meet I', whereas
the “tails” # € [-1,—1+4¢) and = € [1 —¢,1) are artificial. Hence, the extension operator
Ezx will never require any information from these tails and there will be no need to compute
the derivatives of the basis functions near the endpoints (i.e., closer than € to endpoints). It is
only the reduced interval [—1 + ¢,1 — ¢) that will eventually contribute to system (3.21) which
represents the discrete BEP (3.4).

Let f(z) be a smooth function defined on [—1 4 &,1 — €], where 0 < € < 1, and let f(z) be
any smooth extension of f(z) to the full interval [—1,1] (i.e., f(x) = f(z) for |#] <1 —¢, and
f(x) is smooth on all of [~1,1]). Then, we expand f in the Chebyshev basis, see (A.1):
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f@) =3 fuTul@), @el-1,1], (3.40)
n=0

Since series (3.40) converges uniformly, then, clearly, the same convergence takes place on any

subinterval, which implies, in particular, that
s 2
f@)=> fuTu(z), z€[-1+el—¢. (3.41)
n=0

We emphasize that even though the coefficients fn of the series (3.40) depend on what particular
extension of f(z) from [-1+¢€,1—¢] to [-1, 1] we choose, this dependence manifests itself only
through the fact that the sum of the series (3.40) will vary on the tails 1 — e < |z| < 1. At the
same time, on the central sub-interval |z| < 1 —¢ the sum of the series (3.41) remains the same,
i.e., equal to the original f(x), regardless of the specific behavior of f(x) for 1 —e < |z| < 1.

Accordingly, the Chebyshev coefficients &&P, ~,(f), and &f), where ¢ = 1,2, will depend on
the respective extensions of the functions o9, ), and ¢ from [-1 + ¢,1 — €] to [—1,1].
As these coefficients provide the data for the supplemental equations (3.35), the solution ¢ =
[c(ovl), ) ¢0.2), c(1’2)]T of the overall system (3.21), (3.35), where the matrix @ is given by
(3.34), will also be affected by what extension of a®, 3@ and ¢, j = 1,2, has been chosen.
However, the resulting variation of ¢ will, again, correspond only to the variation of u and g—z
on the extension tails 1 — e < |z| < 1 of both arcs, I'y and I'y, and will not affect the solution
on the interior subinterval |z| < 1 — ¢, i.e., on the actual arcs themselves.

In other words, what we essentially do is enforce the boundary conditions (3.31) on the
extended intervals (3.39), while the differential equation (3.1a) is still enforced on the original
boundary T' = T’y U T’y through the discrete BEP (3.4). In doing so, extension (3.39) keeps
the original boundary data, and hence the definition of the problem, unaffected. At the same
time, the redundancy that we build into the treatment of the boundary conditions by using the
extensions allows us to circumvent the difficulties in computing the derivatives of the Cheby-
shev basis functions near the endpoints. The practical choice of the tolerance ¢ is discussed in
Section 3.3.2.

The only remaining question is how to actually obtain the extended function f for a given
f. Recall that the behavior of the tails of f (i.e., the part for which |z| > 1 — &) will not affect
the convergence of the series (3.41) to f(z) for € [-1+¢€,1 — ¢]. Thus we are free to choose
any smooth, bounded extension of f. In the case that we are given an analytic formula for f(x),
x € [-1+4¢,1 —¢], which also defines a smooth function on [—1, 1], we can simply use the same

formula on the larger interval. Otherwise, we can employ a polynomial extension of order J:
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f(z), re[-1+e1—¢),

fz) = Z}']:O%W(w—kl—e)j, r<—1+e, (3.42)
O D T S T

Formula (3.42) guarantees that the extended function f is smooth and hence bounded on [—1,1].

In Sections 3.3.5 and 3.3.9, we compare the performance of the algorithm with and without
use of the extended Chebyshev intervals. Our computations convincingly corroborate that the
proposed approach completely eliminates the adverse numerical effect of having large derivatives
near the endpoints. Therefore, we did not feel necessary to look for any alternatives. Yet one
may, of course, use other strategies as well. For example, another well known orthogonal system
that guarantees rapid convergence of the expansion for smooth non-periodic functions is the
Legendre polynomials [41, Appendix B.1]. The behavior of the derivatives of the original Legen-
dre polynomials near the endpoints is similar to that of the Chebyshev polynomials. However,
the associated Legendre functions vanish near the endpoints along with a certain number of
derivatives [42, Section 18.11]. hence, they can potentially be used, although this approach will
require a further inquiry. Yet one more alternative approach may be to use a mapping which

alleviates the density of the Chebyshev nodes near the endpoints, see [43,44].

3.2.7 Structure of the algorithm

From the discussion in Sections 3.2.1 through 3.2.5 we see that the entire computational pro-
cedure can fundamentally be split into two parts. The first part involves selecting the basis
on the boundary I, see (3.16) or (3.33); extending the individual basis functions from I' to
~ with the help of the homogeneous contribution of the extension operator Exy, see (3.7),
(3.8); applying the discrete projection (3.3) by solving the AP (2.52); and eventually obtaining
the linear system (3.21) based on the discrete BEP (3.4) [the matrix @ is given by (3.22) or
(3.34)]. This part does not involve the boundary condition (3.1b) in any way, and hence does
not change when this boundary condition changes. In particular, one and the same system
(3.21) will work for any boundary condition of type (3.24), whether it be pure Dirichlet, pure
Neumann, or general Robin boundary condition with smooth «, 8, and ¢. The only differences
for an inhomogeneous problem are that inhomogeneous contribution to the extension Ex; must
be applied to the right-hand side f of (3.1a); the inhomogeneous projection then included in
the formation of the linear system (3.23), which is based on the inhomogeneous

The second part of the algorithm accounts for the boundary conditions via the supplemental
equations (3.29) or (3.35). It is this part only that changes when the boundary condition changes,
while otherwise the algorithm stays intact. Of course, if the boundary condition involves a

discontinuity, see Section 3.2.5, and the boundary is accordingly partitioned into segments, then
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the matrix @ of (3.34) also needs to be recomputed when the partition I' = I'y U I'y changes,
i.e., when the locations of the discontinuities move. However, for a given fixed partition the
corresponding system (3.21), (3.34) will be appropriate for any boundary condition of type
(3.31), i.e., any combination of the Dirichlet, Neumann, and Robin boundary conditions.

A natural example where the foregoing split of the algorithm into two relatively indepen-
dent parts may be useful is electromagnetic scattering off conducting materials coated with
dielectrics. It is known that the dielectric coating on the surface of a conductor can have a
considerable effect on electromagnetic scattering, and even when the shape of the scatterer
stays the same and only the coating changes the radar cross section can still vary substantially,
see, e.g., [45]. In turn, various types of coating (pure dielectric, lossy dielectric, dielectric with
magnetic losses, etc.) can be modeled by the Leontovich [46] or, equivalently, impedance [47,48]
boundary conditions. In the framework of the second order governing equations (Helmholtz-
type) those become Robin boundary conditions. The proposed approach will therefore enable
an efficient numerical simulation of electromagnetic scattering and radar cross section for a

fixed conducting shape that may be fully or partially coated by different types of dielectrics.

3.3 Numerical results

3.3.1 Solution of multiple problems at low cost

The algorithm of the method of difference potentials described in Chapter 3.2.7 allows com-
putationally inexpensive solutions to problems which share certain similar features. The most
expensive component of the algorithm is the application of the projection operator, which
involves the inverse G of the finite difference operator L, i.e., the solution of the discrete
AP (2.52) by finite differences, see Section 3.1.1. Building the matrix Qp of (3.22) that enters
into the BEP (3.4) (or, in the inhomogeneous case, (3.5)) requires that the projection operator
be applied to each basis function once it has been extended to the discrete boundary ~y. In the
case I' = T'; UT'9, in which Qg takes the form (3.34), this amounts to a total of 4(N + 1)
applications of the projection [cf. the number of Chebyshev basis functions in (3.33)].% for the
Chebyshev basis. Additionally, for inhomogeneous problems there will be two applications of
the inverse operator G which are associated with the right-hand side f of (3.1a), one for the
term TrG" f, and one more to compute the inhomogeneous contribution to the extension, Q.

One final application of the projection is required to obtain the final numerical solution since it

For simplicity, we take N1 = No = N throughout our simulations. The exception to this is the study of
Section 3.3.7, in which we study the effects of taking fewer basis functions to restore accuracy on coarse grids
and give more careful consideration to determining a suitable number of basis functions, including the allowance
of different numbers of basis functions for each segment of the boundary (i.e., N1 # N2). We also use different
numbers of basis functions on each segment for the the inhomogeneous problems of Section 3.3.8
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is expressed by the generalized Green’s formula (3.6) once the system for the basis coefficients
has been solved via QR.

Therefore, provided that matrix @y is unchanged, the overall computational cost of solving
a new problem is small since the projection operator need not be applied again to the basis func-
tions. All of the following simulations are for the Helmholtz equation with constant coefficients,
which means that, due to the structure of the chosen AP (2.51), an efficient solution by the
separation of variables can be used; however, because our interest is more generally in variable-
coefficient equations we implement a direct LU solver for the AP. Alternatively, one may solve
the AP with an iterative method. Regardless of the specific solver employed, the algorithm is
more efficient when a previously computed basis can be reused since this drastically reduces
the number of APs that need to be solved for the new problem. In particular, for problems that
differ only in the right-hand sides f in (3.1a), the cost will be that of the 2 projections associated
with the right-hand side and 1 more to obtain the final solution. If only the boundary condition
(3.1b) is changed, then only the 1 projection to obtain the final solution by the difference
potential is needed.

Such savings can be achieved by the design of the numerical examples of Sections 3.3.4-

3.3.10, and we demonstrate these savings when applicable.

3.3.2 Parameters of the computational setting

For all of the following test cases, the domain €2 of the interior BVP for the constant coefficient
Helmholtz equation (3.1a) is a disk of radius 1 centered at the origin, i.e., the boundary curve

I is a circle.

Auxiliary Problem The auxiliary domain is a square of side length 2.2 also centered at the
origin. The simulations are conducted using the fourth-order accurate compact finite difference
scheme (2.33) on a series of Cartesian grids containing 64, 128, 256, 512, 1024, and 2048 cells
uniformly spaced in each direction. Scheme (2.33) is supplemented by the Sommerfeld-type
boundary conditions (2.50a-2.50b) at the left and right edges of the auxiliary square, and a
Dirichlet condition (2.44a) at its top and bottom edges. In particular, note that the circular

boundary I" is not aligned with the Cartesian grid of the FD scheme.

Basis Functions As mentioned in Section 3.2.3, the number of basis functions N used to

expand &1 by formula (3.17) may be chosen grid-independent.® Specifically, it is taken as a num-

SWhile we always use one and the same notation N, it represents 2N + 1 functions for the Fourier basis,
e”N0 . 1,...,eM and N functions for the Chebyshev basis, To(x),..., Tw—1(z). Moreover, as ér is a two-
component vector function, we need a separate system of basis functions for each component, see (3.17). This
makes the overall dimension equal to 2(2N + 1) for the Fourier basis and 2NNV for the Chebyshev basis.
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ber sufficiently large to represent the given boundary functions «, (3, and ¢, see formulae (3.24)
and (3.31), to a prescribed tolerance, 1071, This boundary tolerance is selected beforehand to
exceed any accuracy that we expect to obtain on all grids. When the boundary coefficients and
data are continuous and piecewise-smooth, the corresponding Fourier or Chebyshev expansions
converge fast on each interval of smoothness, and the resulting number N is relatively small.
Altogether, this is a robust and universal strategy that allows us to choose the boundary repre-
sentation once and for all and then control the final accuracy exclusively by adjusting the grid
size. An alternative approach would be to perform a series of computations on the coarsest grids
first in order to determine the accuracy needed and then extrapolate out the requirement for
finer grids — this approach is given in detail and implemented in Section 4.3. However, for the
simulations of this chapter we have chosen to keep the same number of basis functions for all
grids as a matter of simplifying the analysis of the computational complexity, as it allows for an
unbiased measure of the scaling of the problem relative to the grid size, see Sections 3.3.3-3.3.5.

We realize that this strategy may result in an excessive number of basis functions since the
boundary expansion needs to be only as accurate as the finite difference scheme for a particular
grid. In other words, for coarser grids one can take fewer basis functions (3.16) and still achieve
the greatest accuracy of which the finite difference scheme is capable of on that grid. Moreover,
taking too many basis functions on coarse grids may actually result in a loss of accuracy. Indeed,
if the dimension of the basis on the boundary is higher than the number of nodes ||, then the
least-squares problems derived from (3.21) are no longer overdetermined. Additionally, for the
Chebyshev basis functions in particular, the density of the roots of the polynomials near the
endpoints can result in a loss of accuracy without the system (3.21) becoming overdetermined.
In this case, the oscillations of the basis functions on the continuous boundary I' are finer
than the resolution afforded by the discrete boundary ~. The effect of this phenomenon is
that two basis functions may become indistinguishable on the discrete boundary, leading to a
degradation of linear independence in the discrete space, and this subsequently introduces error
into the least-squares solution of (3.21). We have observed this loss of accuracy on coarse grids
in Sections 3.3.3-3.3.5, giving the appearance there of an inflated convergence rate. Therefore, in
Section 3.3.6 we demonstrate that reducing the number of basis functions on these coarse grids
restores the accuracy of the least-squares solution. This provides for not only more accurate, but
also more efficient computation on the coarser grids. Moreover, in Section 3.3.7 we demonstrate
that further efficiency can be achieved on every grid in asymmetrically split boundaries I' =

I'y UTs by allowing for a different number of basis functions on each segment.
Errors For the examples of Sections 3.3.3-3.3.8, we take £ = 10 in the Helmholtz equation

(3.1a), and consider a known smooth exact solution. In the homogeneous problems of Sec-

tions 3.3.3-3.3.7 and 3.3.9, the test solution used will always be a plane wave, while various
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test solutions are presented for the inhomogeneous problems of Section 3.3.8, and applying
the Helmholtz operator L to the test solutions determines the different right-hand sides f.
Subsequently, because the exact solution is known, the error is computed in the maximum
norm on the set of nodes NT (see Figure 3.1) and the convergence rate is determined by taking
a binary logarithm of the ratio of the errors on successively doubled grids.

We also choose a wavenumber of £k = 5 in Section 3.3.10 and £ = 10 in Section 3.3.11.
However, for these problems the exact solution is not known. Therefore, in these cases the con-
vergence is assessed by evaluating the maximum norm of the difference between the numerical

solutions obtained on pairs of consecutive grids.

Chebyshev endpoints For the examples of Sections 3.3.4-3.3.9, the circle is decomposed
into two arcs which meet, by design, at the points of discontinuity of the Robin coefficients,
with independent Chebyshev bases on each arc. The same is done at the points of discontinuity
in the Dirichlet or Neumann data in Sections 3.3.10-3.3.11. In doing so, the trace of the solution
on each arc of the circle is represented separately by a set of Chebyshev basis functions.” To
avoid computing the derivatives of the Chebyshev functions near the endpoints, we implement
a Chebyshev basis on the extended interval, as described in Section 3.2.6. In doing so, the “gap”
¢ is estimated as follows. The “worst term” in the extension operator (3.7) applied to a given
a Chebyshev basis function on I' will be that with the highest normal derivative, because it
translates into the highest tangential derivative according to (3.12-3.13). The highest tangential

7/2 in the denominator®

derivative is of order four, and it contains the problematic term (1 —2?)
(see Section 3.2.6). Given that the machine precision is on the order of 10716, we seek ¢ such that
(1—22)7/2 <1070 when |z| > 1—¢ to provide a rough estimate. This yields ¢ > 0.0007, and thus
we have conservatively chosen € = 0.001 for our computations. This ensures that no calculations
of the derivatives of the Chebyshev basis functions will occur within the problematic region near
the endpoints = +1. By comparing the results of simulations in Section 3.3.5 (Chebyshev basis
on an extended interval with ¢ = 0.001) with those in Section 3.3.9 (an unmodified Chebyshev
system, i.e., with ¢ = 0), we demonstrate that the approach of Section 3.2.6 indeed provides
a very efficient remedy for the “near-singular” behavior of the Chebyshev derivatives at the

endpoints.

"Those bases could have different dimensions, as we demonstrate in Section 3.3.7. The larger of the two arcs
may require more basis functions than the smaller, but we have, for simplicity, used the same number of basis
functions N on each arc. In this case, the overall number of basis functions is 4N, i.e., 2N per one arc.

8Recall, since Chebyshev functions are polynomials, neither they nor their derivatives can become singular.
In other words, the apparent zero in the denominator is canceled by the same order of zero in the numerator.
However, this I’'Hopital-type indeterminacy makes numerical computation of the derivatives at the endpoints
difficult.
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Computational complexity The computer implementation of the entire algorithm is done
in MATLAB. To assess the computational complexity, we measure the run time for different
parts of the code. The overall computation time is dominated by applying the projection op-
erator (3.3) to the extended basis functions to form the matrix @ of (3.22), since this requires
the expensive step of solving the discrete AP (2.52), i.e., inverting the finite difference oper-
ator L"), By representing L") as a matrix, this is accomplished using MATLAB’s built-in
sparse direct solver that employs the LUPQR factorization. The factorization itself is obviously
performed only once and then applied to multiple right-hand sides consisting of the extended
basis functions. Hence, the cost of building the matrix @ is split into two parts: the cost of LU
factorization and the cost of multiple backward substitutions.

Once the matrix @ has been formed, the next step is to take into account the boundary con-
dition via the supplemental equations (3.29) or (3.35) and to solve the resulting overdetermined
linear system in the sense of least squares. This is done by means of the QR factorization, and
we measure the corresponding CPU times for the various cases that we investigate. Finally, once
all the coefficients of expansion (3.17) have been determined, one needs to solve the discrete AP
(2.52) one more time to obtain the solution u = Pn+§y, where £, = Exr is the reconstructed
density (for inhomogeneous problems, an additional term is needed along with the potential
so that u = Pn+&, + G B®M f(h) see (3.6)). This amounts to performing one additional
backward substitution (and one more in the inhomogeneous case for the term G () Bh) f (h)),
as the LUPQR factorization of the matrix L) stays the same.

Altogether, the cost of QR, as well as that of the final solution, is much smaller than the cost
of building the matrix @. This implies that if @ is available, changing the boundary condition
or right-hand side f of the BVP (3.1) and solving the resulting problem can be done very
economically, see Section 3.3.1. Note that the same matrix @ can be used in Sections 3.3.4-
3.3.9, with the technical exception that for the inhomogeneous problems of Section 3.3.8 this
Q@ corresponds to the homogeneous component @, and the inhomogeneous component Qg f
must be formed for each new right-hand side f, which requires one additional backsolve of
the matrix L™ to obtain. For clarification, note that the Q-system in the inhomogeneous case
(3.23) requires both the terms G BM f(h) and Q; f, which each require one back solve of L(".
This represents the total of additional computation required for an inhomogeneous problem as
opposed to a homogeneous problem since the quantity G B® f(h) can then be saved and
reused for computing the final solution by the potential (3.6) rather than being re-computed.
The final set of experiments regarding the effect of the order of the discontinuity on convergence
in Sections 3.3.10-3.3.11 has discontinuities at 8 = 0, 7; accordingly, these tests required that
the boundary be partitioned differently. This implies that the Chebyshev bases will change,
and so a different matrix @ was computed for the first problem of those simulations and was

subsequently reused in all remaining tests.
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3.3.3 Smooth periodic Robin boundary condition via Fourier basis

Consider the Robin boundary condition (3.24) with the smooth, periodic coefficients a(f) =
e®s% and B(0) = ™9 We “reverse engineer” the data ¢(f) for the Robin condition (3.24)
by evaluating the known exact solution u = €%, k = 10, and its normal derivative on the
boundary. The results presented in Table 3.1 fully corroborate the theoretical design rate of
grid convergence for the proposed methodology (fourth order). We also see that the dominant
part of the computational cost is indeed the formation of the matrix @ of (3.22). In Sections 3.3.4
and 3.3.5, we show how one can efficiently solve a range of boundary value problems using the

same matrix Q.

Table 3.1: Grid convergence and execution times for the smooth periodic Robin boundary
condition (3.24). N = 32 in formula (3.17), and %(10) (0) = zp,(})(e) = €™ in formula (3.16).

Grid Error Conv. rate | Build @ time | QR time | Py+¢&, time
64x64 9.44-1073 - 0.66 0.095 0.0024
128x128 | 5.92-107% 4.00 2.47 0.13 0.012
256x256 | 3.69-107° 4.00 11.13 0.21 0.081
512x512 | 2.29-1076 4.01 55.07 0.38 0.30
1024x1024 | 1.44-1077 3.99 228.35 0.76 1.42
2048x2048 | 8.25-107? 4.12 1193.07 2.52 6.68

3.3.4 Mixed Dirichlet/Neumann boundary conditions using Chebyshev basis

In this section, as well as in Section 3.3.5, we consider a partition of the boundary into two arcs:
I' = R1 U Ry, where R} ={0 < 0 < 27/3} and Ry = {27/3 < 0 < 27}. Following Section 3.2.5,
we assign a separate Chebyshev basis to R; and Rs. The dimension of the basis is chosen the
same for both arcs: N = 67. The combination of the partition I' = Ry U R and the basis defines
the matrix @ for each grid (via the extension Ex of each basis function and the application of
the projection (3.3)). In Table 3.2, we present the CPU times needed to build this matrix @ on
every grid that we use. In doing so, we distinguish between the time for LUPQR factorization
(done once per grid) and the time for 4N backward substitutions (see footnote”).

We emphasize that the same matrix @ will be used to solve all boundary value problems in
this section, as well as in Section 3.3.5. We also note that instead of Gaussian elimination, we

could have used a more efficient direct solver for the AP, based on the separation of variables
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Table 3.2: Time to build the matrix @ of (3.22).

Grid LUPQR time | 4N back solves time
64x64 0.06 1.16
128x128 0.27 4.28
256256 1.59 20.38
512x512 8.17 91.03
1024 x 1024 46.5 1 471.11
2048 %2048 1516.08 2563.69

and FFT. Nonetheless, we chose to use LU decomposition because it permits an easy extension
to variable coefficients and this data serves as a cost analysis for that case.

Let us now specify a mix of the Dirichlet and Neumann conditions on separate parts of the
boundary I' by choosing the Robin coefficients in formula (3.31) to be either 1 or 0. Specifically,
we let a)(#) = 1 and BN () = 0 for § € Ry and o®(f) = 0 and 3P () = 1 for § € Ry. As
in Section 3.2.5, we reduce the general linear system (3.35) to its simplified form (3.36-3.37).
The exact solution is taken as u = e
to supply the boundary data ¢()(#) and ¢ (6). Table 3.3 shows the grid convergence results

and CPU times for QR and for the final solution. As the overall solution remains smooth, the

* with k = 10, and is used along with its normal derivate

method yields fourth-order accuracy even though the boundary conditions are mixed.

Table 3.3: Grid convergence and execution times for the mixed Dirichlet/Neumann boundary

conditions for u = ¢*** with k = 10. wf{” = 1/11(11) = T, in formula (3.16), and the dimension of
the Chebyshev basis on each arc is N = 67.

Grid Error Conv. rate | QR time | Py+¢&, time
64 %64 5.47 - 10? - 0.011 0.0030
128x128 | 3.52-107! 10.60 0.017 0.013
256x256 | 1.61-107° 14.41 0.035 0.065
512x512 | 8.10-1077 4.32 0.070 0.32
1024x1024 | 5.26 - 1078 3.95 0.17 1.44
2048x2048 | 3.05- 107 4.11 0.46 7.43

Next, we change the boundary data ¢()(#) and ¢() () by choosing a different exact solution:

u = ™ with k = 10. The matrix @ remains unaffected, and the corresponding convergence
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and timing results are presented in Table 3.4. By comparing the CPU times in Tables 3.3 and
3.4 with those in Table 3.2 we see that once the matrix @ is available, changing the boundary

condition and solving a new boundary-value problem becomes an inexpensive task.

Table 3.4: Grid convergence and execution times for the mixed Dirichlet/Neumann boundary
conditions for u = €*¥ with k = 10. ¢,(LO) = 1/)7(11) = T, in formula (3.16), and the dimension of
the Chebyshev basis on each arc is N = 67.

Grid Error Conv. rate | QR time | Py+¢&, time
64x64 2.26 - 10° - 0.011 0.0094
128x128 | 2.27-1071 13.05 0.072 0.012
256%256 | 9.71-1076 14.74 0.17 0.071
512x512 | 3.56-107 4.77 0.12 0.31
1024x1024 | 2.26 - 108 3.98 0.16 1.43
2048%2048 | 1.29 - 1079 4.15 0.43 7.50

3.3.5 Piecewise smooth Robin boundary condition via Chebyshev basis

In this section, we continue to use the same pair of Chebyshev bases and the same matrix Q
as timed in Table 3.2, but apply them to the Robin boundary condition (3.31) with piecewise
smooth coefficients. First, we take a)(#) = es? p1)(9) = arctan® + 1 for § € Ry, and
a?(0) = e25m? 32)(g) = 1 for § € Ry. It is easily checked that these coefficients exhibit
both jump discontinuities and discontinuities in the first derivative at § = 0 and 0 = 27/3.
The boundary data ¢ () and ¢(?)(6) are again generated by the smooth exact solution u =
¢ with k = 10, and the linear system (3.21) for the Chebyshev coefficients of u and % is
supplemented by equations (3.35). The data in Table 3.5 corroborate the fourth-order rate of
grid convergence.

Again, as in Section 3.3.4, changing the boundary condition does not require a re-computation of
Q and amounts only to doing another least squares solve and another final solve, see Table 3.6.
Note that the QR times for the piecewise smooth Robin cases (Tables 3.5 and 3.6) are longer
than those for the mixed Dirichlet/Neumann cases (Tables 3.3 and 3.4). This is because in the
mixed Dirichlet/Neumann case we are solving a reduced system (3.21), (3.36), (3.37), whereas
in the piecewise Robin case we are solving a full system (3.21) supplemented by equations
(3.35), which implies a larger dimension.

Altogether, we see that the method provides the design fourth order accuracy for all the test
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Table 3.5: Grid convergence and execution times for the piecewise smooth Robin boundary
condition (3.31) with a()(0) = e? 31 (4) = arctanf + 1 and @ (9) = 2509 52 (9) = 1.
The exact solution is u = *?, k = 10. wr(lo) = wﬁll) = T, in formula (3.16). The dimension of
the Chebyshev basis on each arc is N = 67.

Grid Error Conv. rate | QR time | Py+¢&, time
64 %64 1.92-10° - 0.49 0.0023
128%x128 | 1.62-107! 13.53 0.56 0.012
256x256 | 2.36-107° 12.74 0.80 0.076
512x512 | 1.23-1076 4.26 1.47 0.31
1024x1024 | 8.28-108 3.89 2.72 1.44
2048%2048 | 4.73-107° 4.13 5.39 7.52

Table 3.6: Grid convergence and execution times for the piecewise smooth Robin boundary
condition (3.31) with a()(9) = e 3N (9) = (0 + 3)? and P () = log(d + 3), 3P (9) =
V0 + 3. The exact solution is u = e™** k = 10. 7,/17(10) = %(11) = T, in formula (3.16). The
dimension of the Chebyshev basis on each arc is N = 67.

Grid Error Conv. rate | QR time | Py+¢&, time
64 x 64 1.95-10° - 0.58 0.0024
128x128 | 4.65-10! 12.03 0.68 0.012
256x256 | 1.81-107° 14.64 0.89 0.076
512x512 | 1.05-1076 4.11 1.58 0.31
1024x1024 | 6.58 - 108 4.00 2.85 1.44
2048 %2048 | 3.07 - 107 4.15 5.57 7.29

cases that we have investigated (Tables 3.3-3.6), and also that, once the matrix @ has been
pre-computed (Table 3.2), taking a different boundary condition from a rather broad class can

be done at a low computational cost.

3.3.6 Reducing the number of basis functions for coarser grids

In this example, we repeat the first case of Section 3.3.5 with the same parameters except that
we alter the number of basis functions for each grid. This alleviates the loss of accuracy on
the coarser grids (see the errors for the 64x64 and 128 x128 grids in Tables 3.3-3.6) and also
reduces the overall execution times. Recall that the loss of accuracy on coarser grids occurs

because the vertical dimension || of the matrix @ of (3.22) may be smaller than its horizontal
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dimension if too many basis functions are taken. In fact, it may occur even in the case where
the system is still formally overdetermined, i.e., its vertical dimension exceeds the horizontal
dimension, but only slightly. A possible explanation is that when the grid + is coarse, the
feet of the normals dropped from ~ to I' that are used for building the extension Ex by
formulae (3.7-3.8) do not provide a sufficient resolution for the oscillations of the Chebyshev
basis functions, which become increasingly oscillatory with IN. This effectively implies that two
different continuous basis functions may become practically indistinguishable when extended
from I" to v, which renders the matrix @ almost rank-deficient. Every time the grid is refined
the vertical dimension || roughly doubles, the resolution on I' increases accordingly, and the
foregoing adverse phenomenon quickly vanishes. But in the beginning of our sequence of grids,
it manifests itself by a higher-than-expected convergence rate as the matrix @ becomes “taller”
but maintains the same width.

We alleviate this issue by choosing N as follows. From our previous computations (Table 3.5)
we know that the error for the final grid will be ~ 3x107?. Hence, we replace our initial tolerance
that IV should approximate «, 3, and ¢ within 1071 by 3 x 1079, and this determines the value
of N for the finest grid. For this problem this yields N =62 as the number of basis functions
needed for the finest grid. To maintain a fourth-order convergence rate, the ratio of the errors
on successive grids should be 16. Therefore, for each coarsening of the grid we multiply the
tolerance for that grid by 16. Using this rule-of-thumb, we estimate a smaller but sufficient
number of basis functions. In doing so, the matrix @ obtained in Section 3.3.4 does not have
to be re-computed; we simply drop the columns that correspond to the basis functions that are

not included into a reduced set. The results are presented in Table 3.7.

Table 3.7: Grid convergence and execution times for the piecewise smooth Robin boundary
condition (3.31) of Table 3.5 with all the same parameters but fewer basis functions on coarser
grids.

Grid N Error Conv. rate | Tolerance | QR time
64 x 64 43 1.28 - 5.00 - 1073 0.13
128x128 | 48 | 9.67-1074 10.37 3.10-10~* 0.21
256x256 | 53 | 2.01-107° 5.59 1.94-107° 0.40
512x512 | 57 | 1.23-1076 4.03 1.21-1076 0.84
1024x1024 | 61 | 8.27-1078 3.89 7.57-1078 2.06
2048%2048 | 65 | 4.71-107° 4.13 4731077 4.88
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The errors for the coarse grids with 64x64 and 128 x128 nodes in Table 3.7 are several orders




of magnitude smaller than their counterparts in Table 3.5, with the errors for the remaining
finer grids being almost identical. With no other distinction between this section and the first
example of Section 3.3.5, we have demonstrated that taking unnecessarily many basis functions
on I' relative to the grid dimension can cause a loss of accuracy, and that the grid refinement
removes this loss of accuracy. Note also that the QR times in Table 3.7 are somewhat shorter
than those in Table 3.5. This is because the horizontal dimensions of the corresponding matrices
@ are smaller.

We emphasize that the approach for choosing IV that we have used in this section is some-
what artificial because it uses an a posteriori estimate of the error on the finest grid. What
may be done instead is to obtain an a posteriori estimate on the coarsest grid first. Once this
is done, we can, rather than working backwards by multiplying the error by 16 each iteration
from the finest grid down to the coarsest, divide the error of the coarsest grid by a factor of 16
to determine the expected error for finer grids and the appropriate tolerance for the truncation
of the basis. Since the computational time required on the coarsest grid will be much less than
on the finest, this is an efficient means of determining the number of basis functions and may
serve as an alternative to prescribing an initial tolerance. This is the strategy which we have

developed and implemented in Section 4.3 and [26] [see the discussion in Section 4.1].

3.3.7 Increased efficiency by using different numbers of basis functions on
individual segments of a split boundary

One should note that the number of basis functions required to achieve a given resolution on
each piece the grid boundary may differ when any asymmetry exists either in the geometry
or in the splitting itself. The problems of this chapter are completely symmetric with respect
to the boundary shape, since we are using a disk centered at the origin; however, we have
in Sections 3.3.4-3.3.6 (and also in Sections 3.3.8-3.3.10) chosen a splitting that is uneven: I'y
is only half the length of I's, and thus we should expect to need roughly half as many basis
functions on I'; to offer the same level of accuracy as on I's.

Up to this point, we have chosen for simplicity to take the same number of basis functions
on each piece of the boundary shape, but the expressions of Section 3.2.5 make no assumption
of having the same number of basis functions on each segment of the boundary®.

We now repeat the same test of Section 3.3.6, but with the modification that the tolerance

is used to determine the appropriate number of basis functions on each segment independently.

9In fact, we have even more freedom in the number of basis functions than is described there since the two-
component vector may even have different dimensions for each component of the Cauchy data. There may be
cases in which this is desirable, such as when the boundary condition is so simple as to require only a known
finite series expansion (e.g., zero Dirichlet boundary conditions would not need more than 1 component in the
first entry of the basis pair). This is an avenue left to future study.
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The same tolerances for the truncation of the Chebyshev series of the known boundary data
utilized in Table 3.7 are now used to determine the number of basis functions on each segment
of the discrete boundary. As expected, the results, summarized in Table 3.8, verify that the
same level of accuracy is obtained with substantially fewer basis functions. Moreover, the errors
on the coarsest grids are reduced even further.

Note that we already have available the matrix @ due to our prior investigations of this same
problem in the preceding sections, and so we are able to perform the following computations
efficiently by simply removing columns that coincide with the unused basis functions rather
than recomputing Q. Nevertheless, these results demonstrate that, when solving a new problem
with concern for efficiency of the overall algorithm, allowing the number of basis functions to
be different at each segment of the boundary can result in substantial computational savings.
What Table 3.8 fails to quantify is the computational time that could have been saved by not
computing the “extra” columns of the matrix @ when it was initially computed in the example
of Section 3.3.4. As noted in Section 3.3.1, the inclusion of each basis function requires a solution
of an AP, which amounts to solving a finite difference problem and is the most computationally
expensive step of the algorithm. These potential computations savings would be manifest in
reducing the number of back solves to build the matrix @ in Table 3.2 from 4N to the smaller
sum 2(N7 4+ N3). According to the results of Table 3.8, for this particular problem that would
mean 2(38 + 65) = 206 back solves instead of the 4 x 67 = 268 back solves that were initially

done, a savings of about 23%.

Table 3.8: Convergence data for the piecewise smooth Robin boundary condition (3.31) of
Tables 3.5 and 3.7 with a split basis. The total number of basis functions used is 2(N; + Na)

Grid (N1, Na) Error Conv. rate | Tolerance | QR time
64 x 64 (25,43) | 1.17-1072 s 5.00-107% | 0.041
128x128 | (28,48) | 3.21-1074 5.19 3.10-107* | 0.093
256x256 | (31,53) | 1.87-107° 4.10 1.94-1075 |  0.22
512x512 | (33,57) | 1.23-1076 3.93 1.21-1076 0.51
1024x1024 | (36,61) | 8.24-1078 3.90 7.57-1078 1.31
2048x2048 | (38,65) | 4.72-107° 4.13 4.73-107% | 3.05

Moreover, a comparison of the number of basis functions required on each arc from the
second column of Table 3.8 shows that the number of basis functions needed on the smaller arc

T'y, which is half the size of I's, is about 58% of what is required on I's - a little more than half.
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We may also compare this problem to that of Section 3.3.3, where we found that using a Fourier
basis with N = 32 - meaning 2(2N 4 1) = 130 basis functions total - was sufficient for the finest
grid of Table 3.1. This implies that, while we have now two independent bases on I', we do not
outright double the number of basis functions required, as we posited in the concluding remarks
of Section 3.2.5, but instead the overall number of basis functions required increases by a factor
of about 1.6. We leave a more exhaustive comparison on the effect of further subdivision of the

boundary shape on the number of basis functions as an avenue for future study.

3.3.8 Inhomogeneous Problems

In Tables 3.9-3.10 below, we choose a test solution « and obtain f by analytically applying the
differential operator L of (3.1a). The right-hand side f as well as its derivatives (which, since we
assume f is given analytically, we may freely compute) are then used to compute the additional
terms of the discrete BEP (3.5), the inhomogeneous contribution to the extension (3.14) which
manifests in the linear system for the basis coefficients (3.23), and the inhomogeneous term
of the potential (3.6) to compute the final solution. We specify a simple Dirichlet boundary
condition along the entire circular boundary.

We have already shown by the analysis in Tables 3.2-3.8 that the solution of problems which
differ only in the boundary condition can be computed efficiently as long as the same basis may
be used. In the present section, we further demonstrate the flexibility of the method and its
efficiency for solving problems with different source terms, i.e., different right-hand sides f of
the BVP (3.1a). Even though this boundary condition has no discontinuities we may continue
to use the same splitting of the Chebyshev basis into two segments. This highlights the fact
that, supposing one wishes to solve problems on the same domain with multiple right-hand sides
and with a host of different boundary conditions that may have singularities at certain known
locations, there is no need to compute and maintain multiple different configurations of splits
for the basis functions. Instead, one and the same splitting which has segments meeting at each
of the known potential points of discontinuity can be used for all such problems, regardless of
whether discontinuities are present at all, some, or none of those points. As in Section 3.3.7,
we choose the number of basis functions on each boundary segment independently with an
adequate truncation tolerance for the Chebyshev expansion of both the boundary conditions
and right-hand side.

The final column of Tables 3.9-3.10 lists the time required to perform the two projections
which pertain only to inhomogeneous problems. We continue to use the same set of Chebyshev
basis functions and, having already computed more than enough of them, we simply reduce
the number of columns of Q. Therefore, the total computation time consists of the solution to

the @ system by least squares, two applications of the projection to the right-hand side f of
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(3.1a), and the final projection to obtain the solution to the problem (see the final column of
Tables 3.3-3.6).

Table 3.9: Inhomogeneous problem with right-hand side generated by the test solution u =

r2e*® with Dirichlet boundary conditions.
Grid (N1, N9) Error Conv. rate | QR time | RHS Projection time
64x64 (23,41) | 1.45-1073 - 0.032 0.0091
128x128 | (26,45) | 8.94-107° 4.02 0.073 0.029
256256 (28,50) | 5.62-1076 3.99 0.17 0.12
512x512 (31,54) | 3.53-1077 3.99 0.50 0.49
1024x1024 | (34,59) |2.22-1078 3.99 1.18 2.20
20482048 | (36,63) | 1.21- 107° 4.20 2.64 9.58

Table 3.10: Inhomogeneous problem with right-hand side generated by the test solution u =

r3e’*® with Dirichlet boundary conditions.

Grid (N1, N9) Error Conv. rate | QR time | RHS Projection time

64 x 64 (23,41) |8.99-10~* - 0.034 0.028

128x128 (26,45) | 5.59-107° 4.01 0.074 0.029

256x256 (28,50) | 3.54-1076 3.98 0.17 0.12

512x512 (31,54) | 2.21-1077 4.00 0.51 0.49

1024x1024 | (34,59) | 1.37-1078 4.01 1.28 2.26

2048x2048 | (36,63) | 1.33-107° 3.36 2.71 9.49

3.3.9 Loss of accuracy due to non-treatment of Chebyshev endpoints

In Section 3.2.6, we noted that the position of the grid nodes « relative to the continuous
boundary I' may require computing the Taylor extension (3.7) of the Chebyshev basis functions
very close to (or even precisely at) the Chebyshev endpoints, resulting in a loss of accuracy.
We demonstrate this phenomenon, as well as the effectiveness of our method in eliminating it,
by re-computing the first example of Section 3.3.5. We do so without the use of any technique

to correct the poorly conditioned computation of Chebyshev derivatives near the endpoints,
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thereby allowing us to observe the disruption of convergence. We again divide the circle into
two arcs: Ry = [0,27/3) and Ry = [27/3, 27), and set the same Robin boundary condition (3.31)
with the coefficients a(1)(9) = e3¢ 3()(9) = arctan(f) + 1 for # € Ry and o (g) = 250,
B2 (#) =1 for 6 € Ry. The boundary data ¢")(#) and ¢®(6) are still supplied from the exact

solution u = €*** with k = 10. The results are presented in Table 3.11.

Table 3.11: Computation of the same case as that in Table 3.5, but with no special treatment
of the Chebyshev endpoints. %(10) = %(11) = T, in formula (3.16), and the dimension of the
Chebyshev basis on each arc is N=67.

Grid Error Conv. rate
64 %64 2.53-10° -
128x128 | 3.49-107! 12.82
256x256 | 2.90-10~4 10.23
512x512 | 1.37-1074 1.08
1024%1024 | 9.73-1076 3.82
2048x2048 | 2.56 - 107° -1.39

Comparing the results in Table 3.11 to those in Table 3.5, we observe an immediate decline
in the convergence rate for all the grids from 256x256 and finer, which culminates in a complete
loss of convergence for the finest grid. Since the example of Section 3.3.5 has precisely the
same parameters as the current example except that an extended interval for the Chebyshev
basis was used in Section 3.3.5, we conclude that the approach of Section 3.2.6 indeed removes
the difficulties that would otherwise arise from computing the derivatives of the Chebyshev

functions near the endpoints.

3.3.10 Boundary data that lead to solutions with singularities

Discontinuities in the boundary condition will result in singularities of the solution. Because
finite difference schemes are only consistent on classical solutions, this will cause the convergence
rate to suffer. We design the following experiments to document this decay in the convergence
rate as motivation for the singularity subtraction procedure of Chapter 4 which will restore the
accuracy of the method in cases where singularities in the solution arise from discontinuous
boundary conditions.

In each of the following experiments, we use the same partition of the circle as before:

Ry = [0,27/3) and Re = [27/3,27). However, we no longer consider a given smooth exact
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solution. We rather specify the boundary data independently on each of the two arcs, R; or Ra,
allowing for discontinuities at the points § = 0 and 6 = 27/3. This gives rise to near-boundary
singularities in the solution. We also choose k£ = 5 in the Helmholtz equation (3.1a).

On each of the two arcs, R1 or Rs, we set either a Dirichlet or Neumann boundary condition.
The data we specify on Ry always correspond to a plane wave with k=5 traveling in the x

ikr cos 0

direction. For this wave, u(z,y) = ¢’**, the Dirichlet data are u = e and the Neumann

ou

data are = ik cos fetkr cost

, where r = 1 because I' is a circle of radius 1. The data on
R, are intentionally specified with a mismatch, and we consider mismatches of three different
types: in the amplitude of the wave, in its traveling direction, and in its phase. In the case of
a mismatch in the amplitude, the data specified on Ry correspond to the wave u(z,y) = 2¢**,
which yields u=2e%*7 % and g—z = 2ik cos 0e’*7 %% on T in the Dirichlet and Neumann case,
respectively. In the case of a mismatch in the traveling direction, we provide two examples: one
with the wave that travels in the y direction and the other with the wave that travels at an
angle of 1 radian with respect to the positive z axis. For the wave traveling in the y direction,
u(z,y) = €™, on the arc Ry we have u = e*"*"% and % = iksin@esn0  — 1 for the
Dirichlet and Neumann data, respectively. For the wave traveling at an angle of 1 radian, we
have u = e?*rcos(0+1) and 9% = jk cos(0+1)e’ " (1) Finally, for the experiments in which the
waves are out of phase, we have chosen a phase shift of 0.7 radians, yielding u = e?(k7 cos(0)+0.7)
and % = ik cos(0)e!kreos®)+0.7) on R;. The numerical results for each type of the mismatch
subject to different boundary conditions (Dirichlet, Neumann, and mixed) are summarized in
Tables 3.12, 3.13, 3.14, and 3.15. For comparison, we have the continuous case in Table 3.16,
i.e., the case with no mismatch, in which the plane wave u(x,y) = e*** with k = 5 supplies the
data for both R; and R».

As the exact solutions to these problems (except the formulation with no mismatch) are
not available, we cannot evaluate the error by comparing the numerical solution to the actual
solution on the grid. Instead, we introduce a grid-based metric, which compares the numerical
solutions on successive grids that have common nodes. Specifically, we structure our Cartesian
grids so that each refinement retains all of the nodes of the previous grid, and then compute the
maximum norm of the difference between the two successive solutions on the nodes of the coarser
grid. Since this measure involves a pair of grids, Tables 3.12-3.16 display the finer of the pair
for each resulting error (i.e., the coarsest grid on which we compute is 64 x 64). Additionally,
we found that the error spikes at the nodes of the discrete boundary v which are closest to
the discontinuities at § = 27/3 and # = 0, and that the maximum norm when these points
are included does not exhibit significant convergence. Therefore, as an additional modification,
we compute the maximum error strictly on the interior of the disk or, more precisely, inside
the circle of radius 0.8. We also note that changing the maximum norm to /s norm makes no

substantial difference in the observed convergence.

71



From Tables 3.12-3.16 we see that the singularities substantially slow down the convergence.
In all the cases with mismatches, the rate of grid convergence is at most first order. This
behavior is expected because the scheme essentially loses its consistency near the singularity.
The relationship between the regularity of the boundary condition and the loss of convergence
is further investigated in Section 3.3.11, and the purpose of Chapter 4 is to restore accuracy

when the solution lacks regularity at the boundary.

Table 3.12:  Grid convergence for boundary data with amplitude mismatch and either Dirichlet,
Neumann, or mixed boundary conditions.

Dirichlet: R1 and R2 | Neumann: R1 and R2 | Dirichlet: R1, Neumann: R2
Grid Error Rate Error Rate Error Rate
128%128 | 2.60- 102 - 2.64-1072 - 1.88 1072 -
256x256 | 1.35-1072 0.95 1.61-1072 0.71 1.08-1072 0.80
512x512 1 9.91-1073 | 044 |1.00-1072 0.69 5.67-1073 0.93
1024x1024 | 4.80-1073 1.05 1.73-1073 2.53 2.84-1073 1.00
2048%2048 | 2.87-1073 | 0.74 |3.62-107%| -1.06 1.68-1073 0.75

Table 3.13:  Grid convergence for boundary data with direction mismatch (plane wave traveling
in the y direction) and either Dirichlet, Neumann, or mixed boundary conditions.

Dirichlet: R1 and R2 | Neumann: R1 and R2 | Dirichlet: R1, Neumann: R2
Grid Error Rate Error Rate Error Rate
128x128 | 1.42-1072 - 6.23 - 1072 - 2.32-1072 -
256x256 | 1.67-1072 | -0.24 |2.85-1072 1.13 1.44-1072 0.69
512x512 | 1.04-102 0.69 1.67-1072 0.77 6.11-1073 1.24
1024x1024 | 5.33-1072 | 0.96 | 4.68-1073 1.84 6.08 - 1073 0.01
2048x2048 | 2.86 - 1073 090 |6.92-1073 -0.56 2.70 - 1073 1.17
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Table 3.14: Grid convergence for boundary data with direction mismatch (plane wave traveling
at 1 radian with respect to the positive = direction) and either Dirichlet, Neumann, or mixed
boundary conditions.

Dirichlet: R1 and R2 | Neumann: R1 and R2 | Dirichlet: R1, Neumann: R2
Grid Error Rate Error Rate Error Rate
128%x128 | 4.86-102 - 8.22.1072 - 2.94.1072 -
256%256 | 2.49-1072 | 096 | 2.70-1072 1.61 1.75-1072 0.75
512x512 | 1.90-1072 | 0.39 | 1.49-1072 0.86 8.25-1073 1.08
1024%1024 | 9.25-1073 1.04 | 7.05-1073 1.08 6.61-1073 0.32
2048%2048 | 5.17-1073 | 084 | 7.81-107%| -0.15 3.08-1073 1.10

Table 3.15: Grid convergence for boundary data with phase mismatch (waves out of phase by
0.7 radians) and either Dirichlet, Neumann, or mixed boundary conditions.

Dirichlet: R1 and R2 | Neumann: R1 and R2 | Dirichlet: R1, Neumann: R2
Grid Error Rate Error Rate Error Rate
128x128 | 1.78-102 - 1.81-1072 - 1.27-1072 -
256%256 | 9.24-1073 | 0.95 1.10-1072 0.71 7.41-1073 0.78
512x512 | 6.80-1073 044 | 6.86-1073 0.69 3.89-1073 0.93
1024%1024 | 3.29-1073 1.05 1.19-1073 2.53 1.94-1073 1.00
2048%2048 | 1.97 - 1073 0.74 | 2.48-.1073 -1.06 1.15-1073 0.75

Table 3.16: Grid convergence for boundary data with no mismatch and either Dirichlet, Neu-
mann, or mixed boundary conditions.

Dirichlet: R1 and R2 | Neumann: R1 and R2 | Dirichlet: R1, Neumann: R2
Grid Error Rate Error Rate Error Rate
128 x 128 | 6.62-107° - 1.35-107% - 6.17-107° -
256 x 256 | 4.18-1076 3.99 1.66 - 10~° 3.02 4.02-1076 3.94
512 x 512 | 2.62-1077 | 3.99 1.14-1077 719 | 253-1077 3.99
1024 x 1024 | 1.65-1078 3.99 7.10-107° 4.00 1.57-1078 4.01
2048 x 2048 | 1.30-107° | 3.66 |5.64-1079 | 3.65 1.24-107° 3.66
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3.3.11 Effect of boundary data with varying degrees of continuity on con-

vergence

The following set of experiments was conducted in order to systematically explore the effects
of discontinuous boundary data on convergence of the scheme by solving problems with sin-
gularities of various orders (e.g., discontinuous boundary data, then continuous data with a
1st derivative discontinuity, etc.). The singularity subtraction method of Chapter 4 employs
an asymptotic expansion of the behavior of the solution near the singular point. Just as we
expect the convergence rate to improve as the boundary data become increasingly smooth, we
expect that we will also require fewer terms in the asymptotic expansion of the solution near
the singular point in Chapter 4 to restore the design convergence rate.

In the experiments of Section 3.3.10, we specified boundary data on separate segments of the
boundary which were, individually, the actual data of a test solution, but which were not from
the same test solution, resulting in discontinuities at the segment endpoints. In this experiment,
we design a series of boundary data with decreasing degrees of continuity at the segment
endpoints. Let I' be split into the segments I'y = [0,7) and I'y = [m,27) with a Chebyshev
basis with N = 67 on each segment and the wavenumber £ = 10 in the Helmholtz equation
(3.1a). As the exact solutions are not known, the same grid convergence metric employed in
Section 3.3.10 is used to compute the errors in Tables 3.17-3.18.

The following boundary data will be specified on I'y and I's as either Dirichlet data on
both parts or Neumann data on both parts, so that a discontinuity of the actual solution or its

normal derivative is guaranteed. The first set of boundary data is as follows:

(0)
¢y’ =cosb, 0 €l0,m),
) (3.43)
¢5’ =—cosb, 0¢c[m2m),

where the superscript denotes the order of discontinuity - i.e., for the data (3.43) the order of
discontinuity is said to be of order zero at the points § = 0, 7 since the data itself experiences a
jump discontinuity at these points. Boundary data with subsequent orders of discontinuity are

obtained by the following formulae:

ny 1 .
qbg ) =— sin" 6, 6 €[0,m),
e (3.44)
qﬁén) =— —sin"0, 6¢€]n,2m),

where we let n = 1,2,3. Observe that the n'" set of boundary data is everywhere continuous

in its first n — 1 derivatives but experiences a jump discontinuity in its n'” derivative at the

points 6 = 0, 7. In the following tables, the error corresponding to the n” set of boundary data,
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n=0,1,2,3, is denoted by e,, and the corresponding convergence rate by C'R,,.

The results of Tables 3.17-3.18 demonstrate clearly that for both Dirichlet and Neumann
problems, convergence is quickly restored as the regularity of the boundary data increases, with
steady fourth order convergence being achieved once the data have at least two continuous
derivatives. The numerical examples of Section 4.3 follow a similar progression from being
less regular to more regular, and we observe in that chapter that fewer singular terms must
be accounted for as the regularity of the problem increases. As regularity at the boundary is
restored in Tables 3.17-3.18, so is the consistency of the finite difference scheme and thus the

convergence rate.

Table 3.17: Error and convergence rate for Dirichlet boundary conditions with 0" up to 37¢

order discontinuity using boundary data (3.43-3.44)

Grid €0 CRO €1 CRl €9 CR2 €3 CRg
128 | 30.96 | - 1.05 - 61.09 - 3.31-1072 -
256 | 0.298 | 6.70 | 2.46-1073 | 8.73 | 2.20-10"% | 18.08 | 1.04-107° | 11.64
512 1 0.236 | 0.33 | 7.50-107* | 1.71 | 1.39-107° | 3.98 | 8.24-10"7 | 3.65
1024 | 0.367 | -0.64 | 7.81-10"* | -0.06 | 8.74-10"7 | 3.99 | 5.15-1078 | 4.00
2048 | 0.224 | 0.71 | 1.43-107% | 2.45 | 2.48-10"7 | 1.82 | 3.24-1077 | 3.99

Table 3.18: Error and convergence rate for Neumann boundary conditions with 0" up to 37¢
order discontinuity using boundary data (3.43-3.44)

Grid €o CRy e1 CR; €9 CRy es CR;3
128 1.41 - 2.72 - 0.528 - 0.534 -
256 | 3.72-1072 | 5.24 | 1.25-1072 | 11.08 | 5.82-1076 | 16.47 | 2.28 -10~* | 11.20
512 1 1.90-1072 | 0.97 | 9.43-107° | 3.73 | 7.85-107% | 6.21 | 1.45-107° | 3.97

1024 [ 9.55-1073 | 0.99 | 1.62-107° | 2.54 | 1.11-1078 | 2.82 | 8.95-1077 | 4.02

2048 | 4.76-1073 | 1.00 | 3.91-107% | 2.05 | 2.01-107°? | 2.47 | 5.65-107% | 3.99

The results of Tables 3.17-3.18 show that convergence is restored when the solution to the

Helmbholtz equation (3.1) becomes classical, i.e., has 2 continuous derivatives. Given that the
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FD scheme (2.33) is 4th order, one may expect that 4 continuous derivatives of the solution to
the BVP (3.1) would be required to restore convergence. In fact, the problem which we solve
by FD is actually the AP (2.51), not the BVP (3.1). Therefore, it is sufficient that solution to
the AP (2.51) have 4 continuous derivatives in order to maintain the 4th order design rate of
the FD scheme (2.33). In the method of difference potentials, the discontinuity at the boundary
curve I' of the BVP (3.1) manifests itself as the right-hand side g of the AP (2.51). Since the
boundary conditions of the AP (2.51) are unchanged by the boundary conditions of the interior
BVP (3.1), the right-hand side g is the only source of discontinuity in the AP (2.51). Therefore,
if the boundary data of the BVP (3.1) have 2 continuous derivatives, then the right-hand side
g of the AP (2.51) will have 2 continuous derivatives, and the solution of the AP (2.51) will

have 4 continuous derivatives.

3.4 Discussion and Remarks

We have investigated theoretically and demonstrated experimentally the capability of the
method of difference potentials to handle complex boundary conditions, such as variable coef-
ficient Robin, mixed, and discontinuous. The governing Helmholtz equation was approximated
on a regular Cartesian grid by an economical fourth order accurate compact finite difference
scheme. For a number of test cases that involved a non-conforming circular boundary and
various boundary conditions, we have been able to recover the design fourth-order accuracy
of the scheme provided that the overall solution was sufficiently smooth. The accuracy was
not adversely affected by either staircasing [4,5] or the non-standard nature of the boundary
conditions.

The approach that we use to reduce the original problem from its domain to the boundary is
based on Calderon’s operators. It automatically guarantees the well-posedness of the resulting
boundary formulation as long as the original problem is well posed, regardless of the type of the
boundary condition. Moreover, it is very important that when changing either the boundary
condition or the right-hand side f of the Helmholtz equation only a particular component of the
overall numerical algorithm changes, whereas most of it remains unaffected (see Section 3.2.7).
Accordingly, the computational cost associated with solving a new problem for a new boundary
condition or with a different source term is small provided that the same basis may be used.
In contrast, a change of the boundary condition in the classical method of boundary integral
equations often requires a complete change of the algorithm. We note that there is another group
of techniques based on finite differences/volumes as opposed to integral equations, and designed
to handle non-aligned boundaries/interfaces: immersed boundary [49], immersed interface [50],
ghost fluid [51,52], and embedded boundary [53,54] methods. To the best of our knowledge,

there are no reported uses in the literature of those methods for anything but simple Dirichlet,
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Neumann, or interface conditions (continuity of the solution and its normal flux), changing the
boundary condition requires major changes to the algorithm [54], and extension to higher than
second order accuracy is not straightforward.

We have also shown that when the overall solution is not smooth and has a singularity at the
location where the coefficients and/or data in the boundary conditions are discontinuous, then
the convergence of the method slows down, as expected, because the finite difference scheme
loses its consistency. As the regularity of the boundary data increases, consistency of the finite
difference scheme is gradually restored. In Chapter 4, we circumvent the loss of consistency for
problems with singular boundary data by first modifying the problem so that the boundary data
are sufficiently regular before solving it by the method of difference potentials. The locations of
the singular points along the boundary for these problems are known, and these singular points
naturally become the endpoints for the partitioning of the boundary curve to ensure that the

basis representations of the modified boundary data converge rapidly.
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Chapter 4
Singularity Subtraction

As we have seen, the near-boundary singularities of the solution due to discontinuities in the
boundary conditions result in a substantial reduction of accuracy for the method of Chapter 3. It
is well known that the solution may also develop a singularity due to the geometric irregularities
of the boundary itself, e.g., domains with corners. In many cases, the type of the singularity
is known, at least to the leading order, see, e.g., [55, 56, 57, 58, 19, 59, 60, 61, 62, 63, 64], as
well as the monograph [65]. In such cases, the singular component can be subtracted, and the
problem can be solved with respect to the remaining part of the solution. The latter should have
higher regularity, and thus enable an improved convergence of the numerical approximation.
Combined with the method of difference potentials, this approach was previously implemented
for the Laplace equation in [21] and the Chaplygin equation in [20]. None of these efforts used
high-order computational methods.

In this chapter, we show how the design accuracy for the combined methodology of Chapter 3
can be restored when the solution has such near-boundary singularities [26]. The idea is to
subtract out several leading terms in the expansion of the solution near the singular point, and
subsequently solve only for the remaining regular component. In developing the expansion, we
follow the approach earlier proposed in [19] and modify it to accommodate singular points on
curved boundaries (rather than only straight lines) and to maintain a high-order of accuracy.
Following this procedure provides a consistent approach because the resulting system of ODEs
for the coefficients of the singular expansion will always have the same structure regardless of
the specific geometry of the problem.

For simplicity, the boundary condition (3.1b) will be either of Dirichlet (Ir = 1) or Neumann
(Ir = %) type. The methods presented hereafter extend trivially to the case where (3.1b) is of a
mixed type (Dirichlet/Neumann). The boundary data in (3.1b) are now intentionally chosen to
be discontinuous. Namely, the function ¢r = ¢r(s), where s is the arc length, will have either

jump discontinuities in the function itself or else jump discontinuities in its first or second
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derivative with respect to s.

The aforementioned discontinuities in ¢r or its derivatives will cause the solution u to
possess singularities at the corresponding boundary points. The analysis of Section 4.1 allows
us to obtain an approximation, ug, to those near-boundary singularities (to several leading
orders). Then, by substitution into the original homogeneous BVP (3.1), up = u — ug will

satisfy the following inhomogeneous BVP:

Lup = — Lug =l , x €, (4.1a)

lrup = ¢ér — bus < ¢r,  z el (4.1b)

We refer to the new BVP (4.1) as the “regularized” problem since it will now be regular up to
the degree with which ug matches the boundary singularities of u.

For simplicity, we consider the case where the domain € is a disk of radius R=1 centered at
the origin. In particular, we will seek to restore accuracy to problems similar to the numerical
study of Section 3.3.11 which have singularities of varying derivative orders at the points 6 =
0,7. From the standpoint of treating singularities that result from discontinuous boundary
data, this choice presents no loss of generality. The regularized BVP (4.1) will have sufficient
regularity that it can be solved without loss of accuracy by the method of difference potentials
described in Chapter 3.

4.1 Constructing Singular Functions at the Boundary

In this section, we will show how to transition from the original BVP (3.1), for which the solution
u may have singularities, to the new BVP (4.1), for which the solution is sufficiently smooth
so that it can be approximated by means of a high-order accurate scheme. For definiteness, we
will first analyze the case of a Dirichlet boundary condition (3.1b) in problem (3.1), Ir = 1.
The Neumann and mixed cases are treated similarly, and in Sections 4.2 and 4.3 we present the
setup and the results of computations for both Dirichlet and Neumann boundary conditions.
We allow the function ¢r(s) on the right-hand side of (3.1b) and/or its derivatives to have
jump discontinuities at some locations on the boundary I'. Though it is not the focus of the
present work, it is of note that these methods can similarly treat singularities resulting from
corners in the domain, allowing for the treatment of boundary shapes that are only piecewise
smooth. Discontinuities of either type generally reduce the regularity of the solution in the
vicinity of the corresponding boundary points, as some derivatives of the solution become
unbounded. This, in turn, slows down the convergence of finite difference methods, see Ta-

bles 3.12-3.18. Hereafter, we describe a consistent and general approach to restoring the rate of
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convergence affected by the reduced regularity of the solution. It exploits an analytically-derived
asymptotic expansion of the solution near the “irregular” boundary points.

Specifically, let ug, u1, ..., u, be the first n+1 consecutive terms of an asymptotic expansion
of the exact solution u to the BVP (3.1) in the vicinity of a singular boundary point s = sg.
Suppose that each term u; of this expansion is more regular than the previous term, u;_1, i.e.,
that u; has bounded derivatives up to a certain order which is higher than the order of the
highest bounded derivative of u;_1. Subtracting the sum of n 4+ 1 such terms from the exact
solution u, we arrive at a new function v = v — (ug + uy + ... + uy), for which we formulate a
new BVP [cf. BVP (4.1)]:

{Lv:—L(uo—i—ul—i—...un), (4.2)

vlp = or(s) — (uo +ur + ... up)|p.

In general, the right-hand side —L(ug + u; + ...u,) in (4.2) is nonzero because neither the
individual terms u; of the expansion nor their sum are expected to satisfy the homogeneous
Helmbholtz equation. Our goal is to choose the terms u; in such a way that the function v will
have no singularities up to at least the derivative of order n, in which case problem (4.2) will
be referred to as regularized.

By taking an appropriate value of n, one can make the solution v of the regularized problem
(4.2) sufficiently smooth so that a given finite difference scheme will converge to v with the
design rate. Then, by adding the analytically-derived sum (ug+ uj + . ..+ uy,) to the computed
solution v, one would restore the design order of accuracy for the overall discrete approximation
of u.

In the remainder of this section, we derive the asymptotic form of the solution to the
Helmholtz equation near the singular points at the boundary. Specifically, in Section 4.1.1
we follow [19] and solve equation (3.1a) near the vertex of a 2D plane wedge with straight
boundaries. We focus on the Dirichlet case and describe the Neumann case more briefly. In
Section 4.1.2, we use a conformal mapping to generalize the results of Section 4.1.1 for the case
of boundaries with nonzero curvature, which permits high-order approximation. As an example,
in Section 4.1.3 and Appendix B we consider both Dirichlet and Neumann data when I is a

unit circle, although our techniques can accommodate more complex geometries as well.

4.1.1 Straight boundaries

Consider the Helmholtz equation (3.1a) in polar coordinates centered at the vertex of a 2D

wedge with straight sides and angle w. Let p and 6 denote the polar radius and polar angle,
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respectively. Then, equation (3.1a) takes the form

2 10 108
<8p2+pap+p2602+k (p,@))u(p,@) 0 (4.3)

Note though that unlike in (3.1a), we allow for the spatial variation of the wavenumber £ in
equation (4.3), because it proves useful for the analysis of curved boundaries in Section 4.1.2.
Indeed, after the conformal mapping that we use to straighten the boundaries, the constant-
coefficient Helmholtz equation transforms into a variable-coefficient Helmholtz equation. Thus,
we must necessarily treat the variable-coefficient case.

Equation (4.3) is supplemented by the boundary conditions on each side of the wedge:

u(p,0) = F(p), wu(p,w)=H(p). (4.4)

We assume that the data in (4.4) can be expanded into the power series!:

Flp) =3 fir, H(p) =S ', (4.5)
§=0

J=0

In doing so, expansions (4.5) are not required to match at the vertex of the wedge. In other
words, the respective coefficients f; and h; in (4.5) may differ from one another. It is precisely
this mismatch between the boundary data that will give rise to the singularities in the solution.

In addition, we assume that a convergent expansion exists for k%(p, ) as well:

£ (p,0) = 3 k(00 (4.6)

Jj=0

Representations (4.5), (4.6) for the boundary data and the wavenumber, respectively, will be
needed for constructing the asymptotic expansion of the solution u = u(p, #) near the singularity.

Following [19], we seek an asymptotic expansion of the solution to (4.3) in the form of a series
w(p,0) = 9 (A;6)Inp+ B, (6)). (4.7)
§=0

Substituting expansions (4.6) and (4.7) into equation (4.3) and requiring that the resulting
coefficients in front of all terms p’ and p’Inp, j = 0,1,2, ..., be independently equal to zero,

1'We have not deemed it necessary for this study, but it may in some cases be convenient to allow the power
series to have a more general form in which the exponent of r is fractional, as in the work of Fox and Sankar [19].
This does not affect the ODE systems for A; and B; given in equations (4.8) and (4.9)
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we obtain two systems of second order ODEs for A;(#) and B;(6):

)
Ay =
Al +1%. Ay =0,

(4.8)
Al o+ (m+2)2 A0 = ka A, m=0,1,2...,
A4;(0)=4;w) =0, j=0,1,2,
)
Bl =0,
B} +1%. B, = —24,,
(4.9)

Bl o+ (m+2)2Bis = ka] 2(m +2)Apmya, m=0,1,2..,

In formulae (4.8) and (4.9), primes denote differentiation with respect to #, and the boundary
conditions for B;(f) at § = 0 and § = w in (4.9) are obtained with the help of expansions (4.5).

Systems (4.8) and (4.9) are coupled and should therefore be solved concurrently, with in-
dividual equations addressed in the consecutive order starting with those for Ay(0), By(6).
Schematically, we represent the solution sequence as follows: Ag(0) — Bo(0) — A1(0) —
B1(0) — Ay(0) — Ba(0) — .... At each step of this sequence, j = 0,1,2,..., we solve an ODE
of the type

U+ 520, = u,(6),
{J J ¥ MJ() (4.10)

V;(0) =a;j, V;(w)=0b;.

In the case that U; = A;, the boundary conditions are the homogeneous conditions of (4.8) (i.e.,
a; = b; =0), and (4.10) becomes a Sturm-Liouville problem. In this case, the right-hand side
13 (0) in (4.10) involves lower-order coefficients A;(6), i < j, in the form of a convolution with
the coefficients k;(0). Likewise, when ¥; = B; the boundary conditions are given by a; = f;
and b; = h; from (4.9), and the right-hand side 1;(#) includes both lower order coefficients
B;(0), i < j, and the coeflicient A;(#) of the same order.

We will now study the solvability of problem (4.10). To do so, it will be sufficient to consider
only the Sturm-Liouville problem with a; = b; = 0. Indeed, for system (4.8) the boundary

conditions are homogeneous anyway, and for system (4.9) they can be easily made homogeneous
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by subtracting an arbitrary (smooth) function W;(#) from the solution such that ¥;(0) = a;,
\Tfj (w) = bj, and adjusting the right-hand side accordingly. Hence, the reduction of problem
(4.10) to the case a; = b; = 0 presents no loss of generality. At the same time, it considerably
simplifies the analysis and discussion below.

The Fredholm alternative holds for the the Sturm-Liouville problem (4.10) for any given j

and a; = b; = 0. It means that one of the following two scenarios transpires:

1. Problem (4.10) has a unique solution, which takes place if w # w% ,1=1,2,.... This is
a non-resonant case: the Sturm-Liouville operator L; = % + j2 subject to zero Dirichlet

conditions will not resonate since the second derivative operator has no non-trivial eigen-
-1

functions; the inverse operator (Green’s function) L i

exists; and the problem L;V; = p;,
V;(0) = ¥;(w) =0, can be uniquely solved.
!

2. The resonant case. At w = T

the second derivative operator of the Sturm-Liouville operator L;. This eigenfunction is

[ = 1,2,..., there exists a nonzero eigenfunction of

merely W, () = sin(j6), up to a constant factor. In this case, problem (4.10) has a solution

if and only if the solvability condition holds?:

/uj(H) sin 70d6 = 0. (4.11)
0
The solution is given by
. 0
U;(0) = Cjsinjb + ; / {cos j6' sin j6 — sin j6' cos jO} p;(6')db’, (4.12)
0

and is not unique, since the coefficient C; in front of the eigenfunction sin jf is arbi-
trary and changing it will violate neither the differential equation nor the zero boundary

conditions.

Next, it will be convenient to represent the wedge angle as w = am, where a may be either a
rational number or an irrational number. Let us first assume that « is irrational. Then, problem
(4.10) falls into the first proposition of the Fredholm alternative. The coefficients A;(6) are all
identically equal to zero, A;(¢) = 0, j = 0,1,2..., since the boundary conditions are zero

and the solution is unique. The coefficients B;(f) are uniquely determined and in general are

>To verify this, consider the following chain of equalities: 0 = [W()L;¥(0)d0 = [T()L;T(0)do =
0 0
fi’(@),uj (0)d0, where we have used the integration by parts and taken into account that L;¥(f) = 0 and
0
LW = pj.
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not equal to zero identically due to the nonzero boundary conditions. Consequently, for the
angles w = am with « irrational, we obtain a regular expansion of the solution with no singular

logarithmic terms.
ol
common factor of 1, then for those ji for which jk% is also a positive integer,

If « is a rational number, i.e., a = where [ and N are positive integers with a greatest

l
ey = €N, (4.13)

problem (4.10) falls into the second proposition of the Fredholm alternative. For these ji,
the coefficients A;, () = CJ(.I‘CA) sin j30 are eigenfunctions of Lj, , up to an arbitrary factor C](-:‘).
Substituting a given Aj, (f) into the right-hand side of the equation (4.9) for B, (f) and applying
the solvability condition (4.11), we obtain an algebraic equation for the constant C](-kA) that can
be uniquely solved.

On the other hand, the coefficient Bj, (f) appears only partially determined. While the
second term in (4.12) is defined unambiguously, the first term contains the eigenfunction sin j6
with an arbitrary constant Cj, in front of it. Therefore, in the case of a rational o we obtain
nonzero, uniquely determined coefficients A, (9) for the singular terms p’* In p, and partially
determined coefficients B, () for p/t. The successive solution of the coupled systems (4.8),

(4.9) can be schematically shown as

Ag(0) — Bo(0) — ... = A;(0) — B;j(0) — ... — AjkT(H) — Bj, (0) — ... (4.14)

P
o
Ik

Diagram (4.14) emphasizes that at each step of the sequence the problem falls into one of the
two propositions of the Fredholm alternative and either proceeds straightforwardly in the non-
resonant case (like the j-th step in (4.14)) or makes a back loop in the resonant case (like the
Jr-th step).

We can also see from (4.13) that the first non-zero singular term A;, (6)p’* Inp appears
in the series at j; = N. So, as N increases the expansion becomes more regular because the
singularity moves to higher-order terms. In the limit N — oo, | — oo, the ratio /N approaches
an irrational number as long as it remains finite and irreducible. Therefore, the singularity
disappears and we arrive at the case of an irrational a discussed above.

In the case of a Neumann problem, the boundary conditions are set for the normal derivatives

on the sides of the wedge. For the previously described geometry, this is the same as specifying
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%%a‘c&annd@zw:

LOu(p,0) _ oo~y 5 L0ulpw) S,
P%_F(p)_jgofjp]’ b 00 —H(P)—gohjp]>

or, equivalently,

%g;;“):pmm:jz%fw, Qo) Zh P (4.15)

Expansions (4.15) suggest that one can seek a solution in the form of a series

u(p,0) = Zp”l( i(0)Inp+ B;(0)) (4.16)

7=0

which differs from (4.7) only in that the respective powers of p are increased by one. Expansion
(4.16) yields the systems similar to (4.8-4.10), but with different coefficients in the equations and
with Neumann boundary conditions in the counterpart of the Sturm-Liouville problem (4.10).
The procedure for solving these coupled systems (for A;(#) and B;(#)) remains the same as for
the Dirichlet case.

We can also consider a more general class of the boundary data, with expansions that include

non-integer powers:

—pﬁzfgﬂ’ H(p —/ﬂzhp’ 0<B,y<L

7=0

In this case the overall problem should be split into two subproblems using linear superposition.

The first subproblem will have the expansion
Zp”ﬂ 6)Inp+ B;(9)),

with 1 (p) = F(p) and HV(p) = 0 as the boundary data. Likewise, the second expansion

will have the form

ZW 6)In p+ B; (6)),

with F)(p) = 0 and H® (p) = H(p), respectively.
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4.1.2 Curved boundaries

In this section, we build an asymptotic expansion of the solution to the Helmholtz equa-
tion (3.1a):

2 o ,
<8502+8y2> u(z,y) + k u(z,y) =0 (4.17)

near a point on the curved (i.e., non-straight) boundary where the data undergo a discontinuity.
We assume that the domain ( is a disk of radius R centered at the origin on the (x,%)-plane.?

Introducing the polar coordinates (7, ¢), we can write the boundary condition (3.1b) as follows:

ul,_r = ér(yp). (4.18)

The function ¢r(yp) and/or its derivatives may have jump discontinuities for some given values
of . Furthermore, the wavenumber & in equation (4.17) may, in general, vary with coordinates,
k = k(x,y), and we have chosen a constant wavenumber only for simplicity, since, regardless,
it becomes a variable quantity after the conformal mapping that we introduce below.

Let ¢ = 0 be one of the points on the boundary where ¢r(yp) and/or its derivatives is
discontinuous.* We build an asymptotic expansion to the solution of equation (4.17) in the
vicinity of (R,0). For that purpose, we use a conformal mapping z = = + iy — ¢ = £ + in that
reduces the problem to the case we have analyzed previously, in Section 4.1.1. The fractional

linear transform

R—=z
=1

R+ z
maps the disk of radius R onto the half-plane 7 > 0 in the (&, n)-coordinates (see Figure 4.1). The

¢ (4.19)

upper (lower) semi-circle is mapped onto the positive (negative) real semi-axis & > 0 (£ < 0).
The point (R,0) is mapped into the origin (0,0) of the (£, n)-plane whereas the opposite point
(—R,0) corresponds to £oo on the real axis &.

It is well known that under a general conformal mapping ¢ = ((z), the Helmholtz equation
(4.17) transforms as follows:

62 62
<a€2 + ang> u(€,m) + |2 (Q Fu(g,m) =0, (4.20)

where z = z(() is the function inverse to ¢ = ((z), and where a prime denotes differentiation

3Note that we have chosen R = 1 for simplicity; this will be our choice for the numerical simulations of
Section 4.3 as well. Moreover, the choice of a circular shape in the first place is also only a matter of convenience
as it makes the conformal mapping that we are going to use particularly simple (fractional linear). Otherwise,
it does not present a loss of generality, and our technique can, in fact, address a singularity at the vertex of an
arbitrary wedge with curved sides.

4This assumption involves no loss of generality as we can always rotate the frame.
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Figure 4.1: Conformal mapping (4.19).

(in the Cauchy-Riemann sense). For mapping (4.19), equation (4.20) becomes:

0? 0? 4k R?
(552 + 2 ) e+ oy (1.21)

We observe that now the wavenumber varies as a function of £ and 7. The boundary condition

(4.18) for equation (4.21) is set on the real axis & (i.e., the axis n = 0):

u(fa 0) = f(€>7 (4'22)

where the function f(-) is obtained from the original ¢(-) of (4.18) via the inverse transform
z = z((). Any discontinuities of the boundary data at the point ¢ = 0 in (4.18) are therefore
translated to the point £ = 0 after the mapping (4.19).

Next, we introduce polar coordinates £ = pcosf, n = psinf on the (§,n)-plane, see Fig-
ure 4.1, and recast equation (4.21) on the half-plane 1 > 0 in terms of p and 6. This yields the

Helmbholtz equation in the form (4.3) with the variable wavenumber

4k*R?
[1+4 p? + 2pcosd

k2 (p,0) = (4.23)

*

where the constant & is the physical wavenumber introduced in (4.17).
Thus, we have reduced the original problem (4.17-4.18) formulated on the disk © to the

Helmbholtz equation with variable wavenumber (4.23) to be solved on the semi-plane 0 < 6 < 7.

In the framework of Section 4.1.1, this semi-plane can be interpreted as a wedge with the angle
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w = 7, and the location of singularity in the solution of equation (4.3), (4.23) will be p = 0.
Accordingly, boundary condition (4.22) on the {-axis is reformulated as two conditions on two
sides of the wedge:

ulg_g = f(p),

4.24
ulg_, = f(=p). ( :

Next, we express the variable wavenumber (4.23) in the form (4.6). To do so, we expand the

right-hand side of (4.23) as a Taylor series with respect to p and treat 6 as a parameter:

k2(p,0) = 4(kR)? + (—16(kR)?sin ) p + 8(kR)*(6sin®0 — 1) p* + . .. (4.25)
——r
Ek‘o(e) Ek1 (0) Ekz (9)

and apply the approach of Section 4.1.1 to the plane wedge with the angle w = 7. Having
obtained the desired number of terms in the asymptotic expansion of the solution in polar coor-
dinates (p, ), we transform them into the original (z,y) or (r,¢) coordinates using the inverse
of the conformal mapping (4.19). The relationship between (p,#) and (x,y) under mapping
(4.19) is

x— R)* +y2
(r+R)" +y
2 .2 2
arctan #, y > 0,
Y
T + arctan T -r 7Y < 0.
2Ry , Y

As we see from (4.26), p(z,y) — 0 as ¢ — R and y — 0. This is expected since the point
(R,0) is mapped into the origin of the (£,7) frame, where p(€,7) = /€2 + 72 — 0 as &, — 0.
On the other hand, when * — —R and y — 0, p(x,y) becomes unbounded since the point
(=R, 0) corresponds to oo on the real axis . Therefore, expansion (4.7), which is designed
to approximate the solution near (R,0), becomes unbounded at the opposite point (—R,0)
and cannot be used in the vicinity of this point even formally. The latter circumstance is
important from the implementation viewpoint (see the discussion in the description of Test 1
in Section 4.1.3).

Later, we will also need to consider the behavior of several functions of p and 6 in the vicinity
of the point (R,0). The corresponding analysis is straightforward in the (£,7n) coordinates at
the origin (0,0). Since the mapping (4.19) is analytic near this point, the analytical properties
of a given function established in the (£,7) coordinates will remain the same in the (z,y) or

(r,¢) coordinates. Omitting the simple calculations, we present the following results:

e The function §(z,y) of (4.27) is undefined at the point (R,0) and its first partial deriva-
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tives are unbounded there.

e Any combination of p76, where j is a non-negative integer, has unbounded derivatives at
(R,0) starting from order (j + 1).

e Products of the kind p7 sin jf, p? cos j6, p? sin((j — 2)0), p’ cos((j — 2)6) are regular with
all of their derivatives at (R, 0).

e The j-th derivative of the term p’ In p is discontinuous at (R, 0).

Finally, we emphasize that a small region near the vertex of any curvilinear wedge can be
conformally mapped onto a small region near the vertex of a straight angle. Therefore, the same

approach presented here for the disk will also apply to more complicated geometries.

4.1.3 Test problems

In this section, we introduce six test problems with discontinuous boundary conditions set on
the circle of radius R. The first three tests correspond to the Dirichlet problem with a jump
discontinuity in (i) the boundary data itself, (ii) the first tangential derivative, and (iii) the
second tangential derivative. These Dirichlet problems share the same geometry, location of
singular points, and derivative order of singularities studied in the numerical experiments of
Section 3.3.11, but differ in the precise boundary condition used - in particular, the loss of the
design convergence rate was observed until the boundary data was twice differentiable. The
remaining three tests correspond to the Neumann problem with singularities in the boundary
data and their first and second tangential derivatives in the same sequence. We discuss Test 1 in
greater detail in this section as an example, with the full description of the other test problems

presented in Appendix B.

Test 1 We consider piecewise constant Dirichlet data for equation (4.3) with k%(p,6) given

by (4.23):
1, O0<p<m,
g = iy (4.28)
0, m™<ep<2m.

The Dirichlet data (4.28) undergo a unit jump at ¢ = 0 and at ¢ = 7. After the transformation
(4.19), boundary condition (4.24) for the piecewise constant data (4.28) reads:

=0~ (4.29)

Next, we solve equations (4.8-4.9) consecutively for the first five pairs of coefficients A;(6),
B;(0). According to (4.29), we take fo = 1, hg = 0, and f; = h; = 0 for j = 1,2,3,4 in the
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expansion (4.5), while k; are given by (4.25). The solution we arrive at is the following:

Ag(0) = A1(0) = A3(0) = 0,
Ay (0) = —k2R2 sin 26,
r (4.30)

k2 R?
= [(3— k*R?/4) sin40 + k*R*sin 26]

Ay (6)

By (6) =1 — ' B ) = P sin g,
T

By (0) =C{?) sin 260 + k*R? <1 - 9) (cos20 — 1),
s

s ™

2 2
Bs (6) :CéB) sin 30 — CfB)leRQ sinf + 21 1sin 204+ 1— 0 sin 6,
2 2 (4.31)

1 1
By (0) =C\®) sin46 — ch)g k2 R%sin 20 + C§B)§ k2R%sin 0

B [(9 — ) (cos 20 — 1) (K2R — 12) cos 20 — k?R?)
6
- 2714 sin 20 (3 cos20 (KR? — 12) — 16k*R? - 96) |.

For convenience, we introduce a shorthand notation for the truncated asymptotic expansion at
the point (R,0) [cf. formula (4.7)]:

4
w0 = 57 70 (4.32)
=0
where
(RO) _
u; 7 = p (A;(0)Inp+ B;(0)) . (4.33)

Again, in practice, p and 6 in formulae (4.30-4.33) should be regarded as functions of the
coordinates (z,y) or (r,¢) on the disk z according to the transformations (4.26-4.27).

Each subsequent term in the sum (4.32) is more regular than the previous term, i.e., a
singularity appears in the derivatives of (at least) one order higher than that for the previous
term. Indeed, for each individual term (4.33) we can write with the help of (4.30-4.31) and the

considerations on regularity presented (in the form of a bulleted list) at the end of Section 4.1.2:

R,0 ; ;
WO = e+ 8 + o (4.34)
S~ ~~
j-th derivative (j+1)—th derivatives
is discontinuous are discontinuous
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In formula (4.34), the dots substitute for the unimportant multiplicative constants, as well as
for the regular terms. We thus see that the lowest order discontinuous derivative is the j-th
derivative that appears in the logarithmic term.

At this point, we can justify why we have truncated expansion (4.7) after j = 4, i.e., why
we took exactly five terms in expansion (4.32). According to (4.34), with five terms used in
(4.32) the difference v = u — w10 = diss P’ (A;(0)Inp+ Bj(0)) will be free of the first five
low-order terms that may exhibit a singularity at the point (R,0), and its expansion will start
with the terms oc p°, thereby guaranteeing the continuity of all derivatives up to the fourth
order.

Moreover, a direct calculation suggests that the terms ug-R’O) of (4.33) with the coefficients
(4.30-4.31) do not satisfy the Helmholtz equation. Therefore the right-hand side of the regular-

ized problem (4.2) is nonzero in this case (which is also to be expected in general):
f= —Lu\B0) = L(u— u(R’O)) = Lv. (4.35)

In (4.35), we have taken into account that Lu = 0 for the exact solution w. The degree of
regularity of f given by (4.35) is important from the standpoint of using the compact scheme
(2.33), because the five-node stencil applied to f on the right-hand side of (2.33) renders a central
difference approximation of the second derivatives of f, see [27,30,24]. Those derivatives are
guaranteed to be continuous if expansion (4.32) contains at least five terms.

To summarize, we differentiate v = u—u9 four times altogether, with every differentiation
reducing the degree of regularity by one. Therefore, to maintain the continuity and boundedness
of all quantities employed by our numerical algorithm we need an expansion that is four times
continuously differentiable. This is facilitated by taking at least five terms in (4.32).

The boundary data for the regularized problem (4.2) are given by u — u(R’O)‘r: - For the
current test case, the asymptotic solution u0) takes a very simple form on the circle r = R.
Indeed, the function 6(z,y) of (4.27) is equal either to zero (for y > 0) or to 7 (for y < 0) at
r = R. Therefore, according to (4.30)—(4.31), u("9 equals one on the upper semi-circle and
equals zero on the lower semi-circle. Taking into account the boundary conditions (4.28), we
conclude that the Dirichlet boundary data for the regularized problem are zero on the entire
circler = R. In general (see Appendix B), the regularity of the boundary data for the regularized
problem matches that of the solution to the regularized problem.

It is also to be noted that the expansion of the truncation error for scheme (2.33) starts
with sixth-order derivatives of the solution, see [27,30,24]. To maintain their boundedness, we
would formally need to include additional terms into the sum (4.32) beyond j = 4; however, as
demonstrated by our numerical experiments in Section 4.3, taking five terms proves sufficient

for restoring the design fourth-order convergence rate of the method of difference potentials if
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applied to the regularized problem (4.2) or, equivalently, (4.1).

Finally, we note that the asymptotic expansion u(~0) at the opposite singular point (—R, 0)
can be obtained with no additional effort due to the symmetry of the original problem with
boundary data (4.28), and this is accomplished by an even reflection about the y axis: i.e.,
x +— —x, y — y in the expressions (4.26-4.27). This symmetric configuration has been chosen
for simplicity; it presents no loss of generality. To suppress the singularities of the solution
at both singular points, (R,0) and (—R,0), one should use the sum w0 4 (R0 of the

corresponding asymptotic expansions.

Implementation notes First of all, the coefficients B;(6) given by (4.31) include some un-
determined constants CJ(-B) (see equation (4.12) and the discussion that follows). From the
standpoint of theory, this uncertainty presents no problem. In practice, however, we must decide
how to handle it.

We again refer to the bulleted list at the end of Section 4.1.2 and see that all the terms in the
expressions B; (0)p7, 5 =0,...,4, except those that contain @ as a factor are regular at (R,0)
with all their derivatives. We also recall that the sole purpose of using the truncated asymptotic
expansion (4.32) is to subtract it from the exact solution and thereby remove the near-boundary
singularity or, more precisely, reduce it to a level beyond which the finite difference scheme be-
comes insensitive to higher-order singular terms. Therefore, keeping the aforementioned regular
terms in or dropping them from (4.32) will make no difference as far as achieving our key goal,”
which is restoring the design convergence rate of the numerical method. As such, we set the

)

undetermined coefficients CJ(B to zero for convenience. Moreover, we could have omitted all
other terms in the expressions for B;(f) except those containing § because those terms are
regular as well. However, we have chosen to keep them in our tests to demonstrate the fact
that having or not having an additional regular component in the expansion will not affect the
numerical performance in any way. Indeed, the only essential requirement of the regularized
problem (4.1) or (4.2) is that its solution must be sufficiently smooth so as to re-enable the
design high order of accuracy of the scheme. If this requirement is met, then the regularized
problem can be solved numerically, and the solution to the original problem can subsequently
be restored by adding back the previously subtracted singular part.

Next, to compute the right-hand side for the regularized problem, one applies the Helmholtz
operator to the sum of the asymptotic expansions, u(9 + (=9 Hence, the latter must be
known everywhere on the disk Q. However, as has been mentioned, the function p(z,y) given
by (4.26) is unbounded at the opposite point (—R,0), and, consequently, the function u(0) g
not defined there. Likewise, the function u(~0) is not defined at the point (R,0). Therefore,

®The same applies not only to the genuine regular terms but also to the terms that have sufficiently many
continuous derivatives.
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to achieve the desired regularization, instead of subtracting (u(R’O) + u(_R’O)) from the exact

solution u, we will first modify w0 and w(—19 in a particular way and then subtract:
v=u— <N(R’O)U(R’O) + ,u(_R’O)u(_R’O)) . (4.36)

The multipliers (%0 and p(~#9 in equation (4.36) are smooth functions equal to unity on some
neighborhood of (R,0) and (—R,0), receptively. Further away from (+R,0), those multipliers
gradually decay to zero. An example of a suitable 19 on the unit disk is shown in Figure 4.2.

The function (=0 is an even reflection of 9 around the y axis.
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Figure 4.2: Function (4.37) on the disk R = 1. The parameters are r; = 0.1, ro = 0.9,
p1=7/12, o =7/3

What Figure 4.2 actually represents is the function defined in polar coordinates:

PO (1 o) = 1y (r) s (), (4.37)
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where

(1) = Po ( —" ) , (4.38)

To — T
1—P6(M>, 0<p<m,
P2 — Y1
ol) = e (4:30)
1—P6(—1>, - < <0,
P2 — P11

and

0, z<0,
Ps(x) = ¢ 27 (9242° — 6006 2° + 16380 2% — 24024 2° + 20020 z* — 9009z + 1716) , 0 < z < 1,
1, z=>1.
(4.40)
The univariate function Ps(z) grows smoothly from zero to one on the interval [0,1]. Its first
six derivatives are continuous at both endpoints, x = 0 and = 1, where they are all equal to
zero, while the seventh derivative undergoes a jump. In (4.38), 71 and ry denote some positive
numbers such that r; < 73 < R. Therefore, the function p,(r) of (4.38) smoothly increases
from zero to one in the radial direction on the annulus {r; < r < ra}, i.e., strictly inside the
disk Q = {0 < r < R}. Similarly, the angles ¢; and @9 are chosen so that 0 < ¢1 < @2 < 7.
Then, the function i, (¢) of (4.39) is equal to one in the sector || < ¢1, symmetrically decays
to zero for 1 < |¢| < 2, and vanishes for |p| > ¢a. Altogether, this guarantees the desired
behavior of u(#9) of (4.37).
We emphasize that the multipliers p(*%9) introduced in (4.36) will affect both the right-
hand side, see formula (4.35), and the boundary data of the regularized problem (4.2). The
resulting final formulation of the regularized problem that is solved numerically by the method

of difference potentials is presented in Section 4.2.1.

Additional tests The remaining five test cases are described in detail in Appendix B. Out
of the five, two are Dirichlet problems with near-boundary singularities of decreasing strength
— one is due to a jump discontinuity in the first derivative of the data function and the other is
due to a jump discontinuity in the second derivative of the data function. The remaining three
are Neumann problems. They also have near-boundary singularities of decreasing strength, due
to a jump in the data function itself, its first derivative, and its second derivative, respectively.
In Appendix B, we present the boundary conditions for the remaining five test problems (that
replace (4.28)) and provide the coefficients of their asymptotic expansions. In this section, we

make a few general comments:

e For all the tests, we use symmetry with respect to the y axis to obtain the expansion
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u(~10),

e The undetermined coefficients C’(-B) are set to zero in all tests.

J

e The multipliers p&50) | see (4.37), are used in all the tests to enable the independent

treatment of each individual singular point.

e The degree of smoothness and the number of terms in the expansion are determined as
follows. In the Dirichlet tests with the discontinuous first and second derivatives the non-
trivial (i.e., non-constant) terms in the asymptotic expansion begin with the functions
ugiR’o) and ugiR’O), respectively. Hence, the solution in these cases is smoother than that
of Test 1, which is natural because the boundary data are smoother and, intuitively, should
require less regularization (see the numerical experiments of Section 3.3.11). Nevertheless,
even for these smoother settings we should truncate the expansion exactly at the same
level (at ufliR’O) term) as for Test 1 to maintain the desired smoothness of the right-hand

side.

e The asymptotic expansion for the Neumann problems takes the form (4.16), with the
respective exponents greater by one than those in the Dirichlet expansion (4.7). Therefore,
we can truncate the Neumann expansion at one term earlier (at j = 3), which proves

sufficient for the regularized difference v to have four continuous derivatives.

4.2 Solution by difference potentials in the presence of singu-

larities

4.2.1 Regularized problem

Assume now that we have a boundary value problem (3.1) on the unit disk 2 with boundary
condition (3.1b) that is not smooth at the points ¢ = 0 and ¢ = 7 on the unit circle I'. We then
build the appropriate singular functions {ugR’O) }]]\il via the methods of Section 4.1 (for all the
examples of Section 4.1.3 and Appendix B, it proves sufficient to take M = 4) and formulate the
regularized BVP (4.1) by subtracting the singular functions multiplied by the cutting function
p20) from the solution u in the original BVP (3.1). We take advantage of the symmetry of
the problem to address the opposite singular point (—R,0) with no additional effort. Collecting

the known terms on the right-hand side, we arrive at the regularized BVP, for which we have
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previously used the generic notation (4.1) [cf. equations (4.2), (4.35), and (4.36)]:

M M
Lu=— 3 L Ouf™) = 3 LT Ky e, (4412)
i=1 i=1
M M
tru =g = >t (B Ouf) = 3 i (RO ) Sy (4.41D)
i=1 i=1

In formula (4.41b), we allow the boundary operator I to specify either a Dirichlet or a Neu-
mann condition. By design, both the right-hand side f of the regularized BVP (4.41a) and the
regularized boundary data ¥r of (4.41b) are sufficiently smooth on their respective domains,
with at least, respectively, two and four continuous derivatives at the singular points ¢ = 0 and
o = 7 on the boundary I'.

The method of difference potentials, as described in Chapter 3, can now be applied to the
regularized problem (4.41) without degradation of the design fourth-order convergence rate of
the overall scheme. Let ur denote the “regular” solution, i.e., the solution to the regularized
problem (4.41) by the method of difference potentials, which, for a particular grid N on the
square auxiliary domain, has its values defined on the nodes NT (recall that this is the set of
interior nodes of €2 plus a “fringe”, see Figure 3.1). Then the numerical solution u to the original
problem (3.1) (which we have taken to be homogeneous with discontinuous BCs) at the nodes

NT is given by simply adding back the singular expressions calculated at these nodes:

M M
ulge = ur + p O g > UE'R’O) v T 7O > “g_R’O) [ (4.42)
=1 i=1

Therefore, the algorithm for the method of difference potentials presented in Chapter 3 does
not change at all. What changes, rather, is the problem which we solve by difference potentials.
In other words, we rephrase the original singular problem (3.1) as the regularized problem (4.1)
which takes the specific form (4.41), apply the method of difference potentials to the regularized
problem (4.41), and then add back the singular terms as in (4.42).

4.2.2 Solution of multiple problems at low cost

In the numerical simulations of Section 4.3, all of the problems have singularities at the same
locations, ¢ = 0,7, on the unit circle I'. Hence, they differ only by the right-hand side of
the regularized equation (4.41a) and the boundary data ¢r in (4.41b), which result from the
singular functions specific to a given problem, see Section 4.1.3 and Appendix B. As discussed
in Section 3.3.1, the similarity of these problems means that after solving one such problem

the computational complexity of the subsequent problems with different right-hand sides is
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substantially reduced, and this was demonstrated and analyzed for problems with multiple
right-hand sides in the simulations of Section 3.3.8. In fact, the basis that we use for the
following test problems is exactly the one used in Section 3.3.11, and thus the expensive step of
computing Qp need not be repeated here. Consequently, having already computed Qpr ahead of
time, the following problems are solved at the nominal cost described in Section 3.3.8. Moreover,
we emphasize that the change of the type of the boundary condition from Dirichlet to Neumann

does not incur any further computational cost either.

4.3 Numerical simulations

We will be solving the homogeneous Helmholtz equation (3.1a) subject to boundary condition
(3.1b) on a disk  of radius 1, centered at the origin. For the purpose of using the method of
difference potentials, €) is embedded in an auxiliary domain that is a square of side length 2.2,
also centered at the origin, see Section 3.1.1. We form series expansions of the boundary data
using Chebyshev basis functions as described in Section 3.2. The originally posed problem is
modified using the method of singularity subtraction outlined in Section 4.1, with particular
singular functions for each problem derived in Section 4.1.3 and Appendix B. This results in
an inhomogeneous problem (4.1) or (4.41) which no longer has a discontinuity in the boundary
condition and whose right-hand side is sufficiently smooth. The solution of problem (4.41) is
therefore expected to possess sufficient regularity so that the method of difference potentials
will yield the numerical solution at the design rate of grid convergence for the scheme (2.33),
which is fourth order. After computing the numerical solution to this regularized problem, we
add back the singular functions to the numerical solution in order to obtain an approximation

to solution of the original singular problem (3.1).

4.3.1 Parameters of the computational setting

Scheme and errors In all of the following test problems, the calculations are conducted
using the fourth-order accurate compact finite difference scheme (2.33) supplemented by the
Sommerfeld-type boundary conditions (2.50a-2.50b) at the left and right edges of the auxiliary
square and a Dirichlet condition (2.44a) at its top and bottom edges. These computations are
carried out on a series of Cartesian grids containing 64, 128, 256, 512, 1024, and 2048 cells
uniformly spaced in each direction, with each grid being nested within the previous. We do
not suppose that the exact solution to each problem is known, and thus we use this nesting of
the grids to compute the error in the “Cauchy sense,” i.e., the maximum absolute value of the
difference between the two numerical solutions on a pair of consecutive grids, with this difference

evaluated at the nodes of the coarser grid. The convention which we adopt in Tables 4.1-4.7 is
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that the coarser grid involved in the computation of the error is shown, and the convergence
rates shown are computed as the binary logarithm of the ratios of successive errors. For the
first test, we have also found the exact solution explicitly (Section 4.3.2), which enables a direct

study of the grid convergence as an additional validation of our method.

Geometry and basis functions The circular boundary I is partitioned into two arcs which
meet, by design, at the discontinuity locations of the boundary data, so that I'y = {r =
1, 0 <o <7}, o ={r =1 m < ¢ < 27n}. Thus, the trace of the solution along each
arc of the circle is independently represented by its own set of Chebyshev basis functions.® We
implement the Chebyshev basis functions on an extended interval [-1—¢&, 1+¢] in order to avoid
numerical difficulties that arise when computing the derivatives of the Chebyshev functions near
the endpoints of the interval [—1,1]. In all of the simulations, this parameter is chosen to be
e = 0.001 (for details on the choice of this parameter, see Section 3.3).

The number of basis functions N used to expand the boundary data according to formula
(3.33) is chosen specifically for each grid and each problem’. On one hand, the number of
basis functions must approximate the boundary data with accuracy that matches or exceeds
the accuracy of the finite difference scheme (2.52). On the other hand, having too many basis
functions on a given grid will result in a loss of accuracy. The reason is that each Chebyshev
basis function is more oscillatory than the previous one. Eventually, for a particular grid, a basis
function is reached whose oscillations are finer than the grid size, and hence all subsequent basis
functions become essentially indistinguishable on the grid. This artificial loss of accuracy is
alleviated when moving to finer grids, which may give the false impression of an unusually high
convergence rate (see Section 3.3.6). We have observed by trial-and-error that the threshold for
the loss of accuracy due to having too many basis functions on the coarsest grid, 64 x 64, is
around N = 45 basis functions for this problem. Rather than choosing an arbitrary tolerance o
for the truncation of the basis expansion of the boundary data ahead of time, as done for the
simulations of Section 3.3.2, we present the following alternative strategy of determining the

appropriate number of basis functions in each case:

1. We run the simulation first on the coarsest grids, 64 x 64 and 128 x 128, using 45 basis

functions on each. By saving the matrix Qp from each test, we can very cheaply reduce

5These bases need not have the same dimensions: neither the bases on each arc or even the bases for the
Dirichlet or Neumann portions of the data need to match. That is, we could instead assign altogether 4 different
numbers of basis functions, one for each of the two arcs and one for each component of the Cauchy data on each
arc. It is only for convenience that we use the same number of basis functions N on each arc and each component
of the data.

"Each boundary segment is of equal length in this case and we have no other reason, such as changes in the
geometry, to expect to need more basis functions on one or the other. For this reason, we choose to have the
same N as the number of basis functions on each respective segment, unlike the discussions in Section 3.3.6.
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the number of basis functions in subsequent simulations by simply eliminating the cor-
responding columns of Q. If we instead wish to add more basis functions, we may also
prevent redundant computation by only computing the additional columns of Qg that

we desire.

2. We run the simulation again on the 64 x 64 grid with fewer and fewer basis functions®,

computing the error for each test by comparing the solution to the one on the 128 x 128
grid. At first the error decreases because the number of basis functions decreases from
N = 45, which is too many, to smaller values. Then, it reaches what we will refer to
as the “grid error” — that is, the error which is free from both the interference due to
oscillations in higher basis functions and from the insufficiently accurate approximation of
the boundary data. The design rate of grid convergence can be observed if the number of
basis functions falls into this middle range (not too many, but enough for approximating

the boundary data), which is different for each grid.

3. Once the grid error has been determined, we compute the truncation error of the Cheby-
shev expansion of the boundary data for the minimum number of basis functions which
yields the grid error. This truncation error can be evaluated by computing the expansion
with many more basis functions and then looking at the maximum absolute value of the

coefficients beyond the chosen point which yields the grid error.

4. Knowing that the finite difference scheme is fourth order accurate, and that our consec-
utive grids will each have twice as many nodes in each direction, we expect that the grid
error for the 128 x 128 grid will be smaller than that of the 64 x 64 grid by a factor of
16. Therefore, we obtain the necessary truncation error for the Chebyshev series on the
128 x 128 grid by dividing the truncation error of the Chebyshev series obtained on the
64 x 64 grid by 16, and then determine the number of coefficients required to achieve
this truncation error on the finer grid. The resulting number of coefficients should be
sufficient to achieve the grid error on the 128 x 128 grid. According to step 1, we may
need to compute only the additional columns of Qg that correspond to the basis functions

beyond N = 45, if necessary.

5. For all subsequent grids, we continue to divide the truncation error obtained in step 4
by another factor of 16 (so that for the grid 256 x 256, we are dividing the original
truncation error by 162, etc.) and then find the appropriate number of Chebyshev terms

corresponding to that grid the same way as before.

8This is inexpensive since the projection of each basis function has already been computed. Therefore, we
may simply drop off the appropriate columns of the matrix Qg.
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Remarks Because these grids are coarse, the computational cost of this procedure, in view
of the goal of determining a sufficient number of basis functions for finer grids, is comparatively
very low. Note that if the Chebyshev expansions of the boundary functions converge too slowly,
then the minimum number of basis functions required to represent the boundary data may
exceed the capability of the grid to resolve the basis functions. However, this has never been
observed in practice and is, in fact, prevented by design. Recall that the convergence of the
Chebyshev series depends on the smoothness of the function being expanded: it is noted in
Section 3.2.5 that the Chebyshev coefficients decay relative to the degree of smoothness of
the function similarly to the Fourier coefficients (see footnote 3, page 44). While the original
boundary data in our problems are discontinuous, the boundary data are “smoothed” by the
process of singularity subtraction, so that the data on which we perform the expansion have
at least 4 continuous derivatives. This has proven to be sufficient for our case, as the results
in Tables 4.1-4.7 confirm. Since the number of basis functions on each grid depends on the
boundary data of the problem, our particular choices are displayed in Tables 4.1-4.7.
The computer implementation of the algorithm is performed in MATLAB.

4.3.2 Test 1: Discontinuous Dirichlet boundary data

The specified Dirichlet condition is discontinuous,

1, O0<ep<m,
u’r:lz
0, m<p<2m,

and the coefficients of the singular terms are given by (4.30-4.31). We demonstrate the conver-

gence of the method in Table 4.1 for the wavenumbers k = 5 and k£ = 15.

Table 4.1: Results for Dirichlet boundary data with discontinuity.

k=25 k=15
Grid N Error Conv. rate | N Error Conv. rate
64 x 64 30 2.46 - 40 0.73

128 x 128 | 30 | 6.40- 104 11.91 40 | 4.72-1072 3.96
256 x 256 | 45 | 2.48-107° 4.69 50 | 3.02-1073 3.97
512 x 512 | 70 | 1.58 1076 3.97 53 11.91-1074 3.99
1024 x 1024 | 81 | 3.60- 107 2.13 71 ] 1.19-107° 4.00
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As an additional corroboration of the performance of the method, we present a comparison

to the exact solution for this test problem:

u(r,¢) =

Z Jon+1(k Sm(2n + 1) (4.43)

J2n+1 2n+1

where .J,, are the Bessel functions of the first kind and R is the radius of the circle, which in our
case is R = 1. In practice, we must make a few modifications in order to evaluate (4.43) with
sufficient accuracy. First, we truncate the series expansion at 2000 terms. Next, for terms of the
series beyond the 50-th we replace the ratio of Bessel functions by its asymptotic form 727+!
due to a loss of numerical stability in computing higher-order Bessel functions. Therefore, we
approximate the solution as follows:

2000
u(r’ ) 1 J() Z J2n+1 sm 2Tl + ]. Z In+1 SlIl 271 + 1) . (444)

2 Jo J2n+1 2n+1 2n+1

n=>51

One final note is that the series (4.43) converges poorly near the boundary of the disk, R = 1. To
overcome this, we compare the numerical solution to the expansion (4.44) only on the interior
90% of the disk (i.e., on the subset 7 < 0.9). The results of this comparison are summarized in
Table 4.2.

Table 4.2: Results for Dirichlet boundary data with discontinuity. The error is computed by
comparison to the approximation (4.44) of the exact solution.

k=5 k=15
Grid N Error Conv. rate | N Error Conv. rate
64 x 64 30 | 24-1073 - 40 0.81

128 x 128 |30 | 1.39-1074 4.11 40 | 5.58 - 1072 3.86
256 x 256 | 45 | 2.33-10°6 5.90 50 | 3.21-103 4.12
512x 512 | 70 | 1.15-1077 4.34 53 | 2.03-107* 3.99
1024 x 1024 | 81 | 8.38-107? 3.78 71| 1.27-107° 3.99
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4.3.3 Test 2: Continuous Dirichlet boundary data with first derivative dis-

continuity.

For this problem, the Dirichlet condition is discontinuous in the first derivative,

s
5 — , 0<p<m,
U(¢)={2

ga—%”, T <@ <2m,

and the coefficients of the singular terms are given by (B.3-B.4).

Table 4.3: Results for continuous Dirichlet boundary data with first derivative discontinuity.

k=1 k=5
Grid N Error Conv. rate | N Error Conv. rate
64 x 64 40 0.39 - 40 0.80 -
128 x 128 | 50 | 7.42-107° 12.36 40 | 1.83-107* 12.09
256 x 256 | 66 | 5.60-1076 3.73 50 | 7.18-1076 4.67
512 x 512 | 82 | 3.16-1077 4.15 74 | 4.42-1077 4.02
1024 x 1024 | 111 | 2.10-1078 3.91 111 | 2.63-1078 4.07

4.3.4 Test 3: Continuous Dirichlet boundary conditions with second deriva-
tive discontinuity.

The Dirichlet boundary condition is now discontinuous in the second derivative,

Cos @, O<p<m
u(p) =
cos3p, T< <2,

with the coefficients of the singular terms given by (B.7-B.8).
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Table 4.4: Results for continuous Dirichlet boundary data with second derivative discontinuity.

k=1 k=5
Grid N Error Conv. rate | N Error Conv. rate
64 x 64 40 0.97 - 40 7.55 -
128 x 128 | 50 | 4.34-107* 11.12 40 | 1.19-1074 15.95
256 x 256 | 66 | 3.82-107° 3.50 56 | 1.48-107° 3.01
512 x 512 | 76 | 2.33-1076 4.03 86 | 7.77-1077 4.25
1024 x 1024 | 110 | 1.41-1077 4.05 124 | 4.76 -1078 4.03

4.3.5 Test 4: Discontinuous Neumann boundary data

The discontinuous Neumann boundary condition for this test is

ou 1, 0<p<m,
——(p) =
on 0, 7<p<2m,

and the coefficients of the singular terms are given by (B.11-B.12).

Table 4.5: Results for Neumann boundary data with discontinuity.

=1 k=5
Grid N Error Conv. rate | N Error Conv. rate
64 x 64 40 0.26 - 40 3.57 -
128 x 128 | 50 | 7.60-107° 11.71 50 | 1.30-107* 14.73
256 x 256 | 71 | 6.03-107° 3.65 57 | 1.51-107° 3.11
512 x 512 | 96 | 2.62-1077 4.52 90 | 8.67-1077 4.12
1024 x 1024 | 124 | 1.47-1078 4.15 119 | 7.11-1078 3.61
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4.3.6 Test 5: Continuous Neumann boundary data with first derivative dis-

continuity.

In this test, the Neumann boundary data are discontinuous in the first derivative,

@(90): 7=, 0<p<m,
on -3 m<ep<2m,

and the coefficients of the singular terms are given by (B.13-B.14).

Table 4.6: Results for continuous Neumann boundary data with first derivative discontinuity.

k=1 k=5
Grid N Error Conv. rate | N Error Conv. rate
64 x 64 40 0.55 - 40 0.52 -
128 x 128 50 | 1.78-107° 14.92 50 | 6.57-107% 9.64
256 x 256 76 | 1.85-1076 3.26 71 | 1.35-107° 5.61
512 x 512 94 |1.90-1077 3.28 96 | 2.90-1077 4.78
1024 x 1024 | 128 | 8.97-107? 4.40 122 | 2.66-10~8 4.20

4.3.7 Test 6: Continuous Neumann boundary data with second derivative
discontinuity.

For the final test, the Neumann data have a jump in the second derivative,

%(90 =

ou ] coso, O<p<m,
cos3p, T< <2,

and the coefficients of the singular terms are shown in (B.15-B.16).
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Table 4.7: Results for continuous Neumann boundary data with second derivative discontinu-
ity.

k=1 k=5
Grid N Error Conv. rate | N Error Conv. rate
64 x 64 40 0.83 - 40 5.10 -
128 x 128 40 | 5.76-10~* 10.49 40 | 6.03-107* 13.05
256 x 256 60 | 3.23-107° 4.15 60 | 3.47-107° 4.12
512 x 512 | 96 |2.32-10°° 3.80 96 | 1.65-107 4.39
1024 x 1024 | 126 | 1.37-10~7 4.08 128 | 6.62-1078 4.64

4.4 Discussion

We have shown in this chapter how to apply the method of difference potentials when computing
singular solutions of the Helmholtz equation while preserving high-order accuracy. The key idea
is to regularize the original problem by subtracting several leading terms of the asymptotic
expansion of the solution near the singularity, which we have demonstrated for the Dirichlet
and Neumann boundary conditions, and to then approximate numerically only the remaining
sufficiently smooth part of the solution. Additionally, we have implemented a local conformal
mapping which reduces the problem of finding the coefficients of the asymptotic expansion to the
simple case of a wedge for curvilinear boundaries with accuracy sufficient to retain the high order
of the overall method. As a result, the finite difference scheme maintains its consistency for the
regularized problem, and, as the computations in Section 4.3 demonstrate, the overall numerical
method converges with the design rate. In doing so, the method of difference potentials has also
permitted us to handle non-conforming curvilinear boundaries on regular structured grids with
no deterioration of accuracy and enables the solution of a series of problems with various
boundary conditions at a low computational cost per problem (Sections 3.3.1,4.2.2). Tables 4.1-
4.7 demonstrate that high order accuracy is maintained for a variety of wavenumbers and
boundary conditions with singularities of different strengths.

It may be noted, however, that the number of basis functions required in the simulations
of this chapter are considerably higher than in the simulations of Chapter 3, with 128 basis
functions on each arc of the Chebyshev basis in Section 4.3.7 for a total of 4(128) = 512
basis functions. The reason for this is because even the regularized problem contains a weak
singularity at the boundary points, resulting in slower convergence of the Chebyshev series.
This is only one of many factors that may affect the total number of basis functions, and these

are explored in some detail in Chapter 5.
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Chapter 5

The Pollution Effect and Efficiency
of the Algorithm

The most expensive step of the difference potentials algorithm presented in Chapter 3 is that
of applying the difference projection to each basis function of the series representation of the
boundary data. For each additional basis function, applying the projection entails solving the
AP (2.51) by finite differences with a new right-hand side g. The central dilemma in choosing
the minimally sufficient number of basis functions on a particular grid is the lack of an error
estimate to provide guidance on the tolerance for the basis expansion of the boundary data.
There are additional factors that determine the actual number of basis functions needed, but
in fact it is the truncation tolerance o of the basis expansion that we must be concerned with
rather than the specific number of basis functions required to meet that accuracy for a particular
problem.

For the Helmholtz equation, the dispersion error, or pollution effect, is known to behave
proportional to h*k® asymptotically as the step size h tends to zero and the wavenumber k
increases [1,2,3]. The behavior of the coefficient of h*k® in the asymptotic expansion of the
error is nontrivial and difficult to obtain. Rather than attempt to obtain an error estimate by
analyzing the complicated behavior of this constant, we instead assume that the error may
be estimated as a coefficient Cp times the leading term, Cph*k®, where Cp is not the exact
constant coefficient of the h*k® in the asymptotic expansion of the error but instead accounts
for the behavior of the higher order terms as well and thus may vary. Using this simplification!,

we investigate the behavior of C'p for the range of problems we have solved thus far.

!This differs from our study of the pollution effect in [23], in which we confirm the pollution effect for a fourth
order polar FD scheme for the Helmholtz equation. In this work, instead of demonstrating the contribution of the
pollution effect to the error we assume that the overall error is dominated by the dispersion error. This provides
an a priori approximation of the error within a range of related problems once a representative sample of them
has been solved.
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This chapter is divided as follows. In Section 5.1, we experimentally evaluate the pollution
coefficient Cp for the variety of simulations conducted in Chapters 3-4 and provide an additional
numerical study verifying that this coefficient does not depend significantly on the wavenumber
k. Section 5.2 provides a summary analysis of the different procedures employed thus far for
choosing the number of basis functions, describes an alternative procedure based on estimation
of the pollution coefficient Cp, and demonstrates the relationship between the truncation error o
of the basis expansion of the boundary data and the overall error of the scheme by a numerical
example. Finally, in Section 5.3, we implement the alternative strategy of Section 5.2 using
the average Cp of the experimentally evaluated pollution coefficients Cp from Section 5.1 to

determine the number of basis functions for a new problem.

5.1 Numerical investigation of the Pollution Effect

We begin the investigation of the pollution effect with a simple calculation which estimates the
pollution coefficient C'p from the previously computed numerical examples of Sections 3.3.3-
3.3.8 and Sections 4.3.2-4.3.7. Because of the asymptotic dependence of the pollution effect
on not only the step size h but also the wavenumber k, we have omitted the cases from the
aforementioned sections with k = 1. This set of problems is diverse in several ways, involving
different wavenumbers, boundary conditions, singularities, and inhomogeneities for the BVP
(3.1). The calculation of the pollution coefficient Cp is performed by dividing the experimentally
obtained error for each problem by h*k®, and the results are displayed in Table 5.1, with each
Cp being computed from the finest available mesh of the cited section.

We observe some similarity in the pollution coefficients of problems solved by the method
of difference potentials regardless of the boundary conditions on the circle, the wavenumber, or
the inhomogeneous right-hand side of the Helmholtz equation. The coefficient Cp for all of the
problems from Chapters 3-4 is consistently between the orders of 10~ and 1073.

Commonalities of the problems The numerical examples of Sections 3.3.3-3.3.8 and Sec-
tions 4.3.2-4.3.7 all involve the constant-coefficient Helmholtz equation on the same domain, the
unit disk centered at the origin, and the auxiliary problems being solved by the finite difference
scheme are therefore also closely related. Not only are the APs posed on square domains of equal
size, but notice that when the boundary conditions on the domain of interest {2 change that
the boundary conditions on the encapsulating auxiliary domain 0y remain the same, see (2.51).
In effect, the APs utilized throughout all of the problems in Chapters 3-4 differ only in two
important ways. First, the right-hand side g of the AP (2.51) changes, and this change comes
from a combination of the BCs on the domain €2, the right-hand side f of the interior BVP
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Table 5.1: Estimations of the pollution effect coefficient Cp for various simulations.

Section Step Size | k Error Cp
3.3.3 2.2/2048 | 10 [ 8.25-1079 | 6.20 - 102
3.3.4, Table 3.3 | 2.2/2048 | 10 | 3.05-107° | 2.29-102
3.3.4, Table 3.4 | 2.2/2048 | 10 | 1.29-107? | 9.69 - 102
3.3.5, Table 3.5 | 2.2/2048 | 10 | 4.73-107° | 3.55-1072
3.3.5, Table 3.6 | 2.2/2048 | 10 | 3.07-107° | 2.31-1072
3.3.8, Table 3.9 | 2.2/2048 | 10 | 1.21-107° | 9.09 - 103
3.3.8, Table 3.10 | 2.2/2048 | 10 | 1.33-107° | 9.99 - 1073
4.3.2, Table 4.2 | 2.2/1024 | 5 | 8.38-1079 | 1.26-10""
4.3.2, Table 4.2 | 2.2/1024 | 15 | 1.27-107° | 7.85-10"!
4.3.3, Table 4.3 | 2.2/1024 | 5 | 2.63-1078 | 3.95-107!
4.3.4, Table 4.4 | 2.2/1024 | 5 | 476-1078 | 7.15-107!
4.3.5, Table 4.5 | 2.2/1024 | 5 | 7.11-1078 | 1.07
5
5

4.3.6, Table 4.6 | 2.2/1024 2.66- 1078 | 4.00 - 10~
4.3.7, Table 4.7 | 2.2/1024 6.62-1078 | 9.94. 101

(3.1), and the basis functions chosen, as these right-hand sides are all defined? by the difference
potential of equation (3.2). Second, the differential operator L of the AP (2.51) changes when
the wavenumber k of the Helmholtz equation (3.1a) changes. However, we expect this change
to be reflected in the term k° of the error estimate Cph*k®.

The data in Table 5.1 indicate that the similarities between the APs utilized in the method
of difference potentials may allow us to estimate the pollution coefficient for a range of related
problems. While the wavenumber does not change throughout Sections 3.3.3-3.3.8, the boundary
conditions and even the inhomogeneous right-hand side of the equation vary without much
difference in the pollution coefficient C'p. This is also the case in the simulations of Sections 4.3.2-
4.3.7, which also have similar pollution coefficients with differences in the boundary conditions
and right-hand sides, and also a few differences in the wavenumber. What lacks the most in
variety from Table 5.1 is the wavenumber k involved, and to this end we design the numerical
experiment of Section 5.1.1. Our expectation, given that the estimate Cph*k® of the pollution
effect already contains the term £°, is that the effect on Cp due to the higher order order terms

of the asymptotic expansion of the error will be small provided the wavenumber k is sufficiently

2Recall that each of these three aspects of the problem will result in different right-hand sides g for the AP
(2.51). If the BVP (3.1) is inhomogeneous, then (3.6) implies that the AP must be solved with a right-hand side
g that is influenced by this inhomogeneity, and an additional right-hand side of the AP comes from the term Q; f
of (3.23). Several more right-hand sides g for the AP result from the projection of the basis functions to form
Qu in (3.23). One final right-hand side g for the AP is due to the final projection required in (3.6) to reconstruct
the solution on the interior domain from the boundary data, which is directly affected by the BC on €.
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large.

5.1.1 Effect of the wavenumber on the pollution coefficient

We design an experiment to isolate and observe the effect of changing the wavenumber on the
pollution coefficient C'p by solving several problems which are identical except that each has a
different wavenumber ranging from k = 3,...,26. By a simple calculation one may verify that
there is little difference between the pollution coefficients on the finest grids (2048 x 2048) and
the 512 x 512 grids for the same problems analyzed in Table 5.1. Therefore, we assume for this
experiment that the wavenumber k& > 3 is sufficiently large and the step size h = 2.2/512 =~ 0.004

is sufficiently small so that the error is reasonably approximated as Cph*k®.

Parameters We solve the homogeneous Helmholtz equation (3.1a) on the unit disk centered
at the origin so that the boundary curve I" is the unit circle. We specify a Dirichlet BC (3.1b) by
truncating a plane wave test solution u = e*** to the boundary curve I'. For each wavenumber
k = 3,...,26, the error is computed in the infinity norm on the domain € by comparison to

k¥ “and the pollution coefficient C'p in each case is experimentally

the exact solution u = ¢
evaluated from the resulting errors on a 512 x 512 grid.

We implement a split Chebyshev basis on the segments I'y = {r = 1,0 € [0,27/3)}, Ty =
{r=1,6 € [2/3,27)}. The number of basis functions was chosen to be N; = 55 and Ny = 78
on I'y and I'y, respectively, for all tests. Experimentally, we have found that these numbers of
basis functions allow for accurate computation across this range of wavenumbers at this grid
size.

Note that for each different wavenumber the finite difference operator L) will be different.
Therefore, the several back solves (specifically, 2N7 + 2No = 2(55) + 2(78) = 266) must be
computed to form the matrix @ separately for each wavenumber & (see Table 3.2) even though
the basis does not change. For the particular wavenumber k£ = 10 we may reuse the matrix @
from the previous simulations of Section 3.3.4, which we have also used in several subsequent
examples.

The results are summarized in Table 5.2 and visualized in Figure 5.1 along with the mean

and median values of C'p from Table 5.2, which are, respectively, 0.072 and 0.032.

5.1.2 Remarks and discussion

Table 5.1 suggests that the pollution coefficient does not vary dramatically among problems
solved by difference potentials which share similarities in the AP on 4 but which may differ
greatly in the BCs, source terms, and wavenumbers of the original interior problem on € C

Qp. Due to the lack of variety in the wavenumber for the cases analyzed in Table 5.1, the
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Table 5.2: Estimation of the pollution coefficient Cp for £ =3,...,26 on a 512 x 512 grid.

k Hu_unumHoo CP k ||u_unum||oo CP
3 3.14-1072 | 0.038 15| 7.77-107% | 0.030
4 5.84-107° | 0.017 16 | 1.34-10~° | 0.038
5 1.77-107% | 0.017 17 | 1.87-107* | 0.39

6 1.94-107% | 0.0073 18 | 3.95-10~° | 0.061
7 8.89-1077 | 0.16 19| 6.72-107° | 0.080
8 8.05-107% | 0.0072 20| 220-107% |0.20

9 1.54-1077 | 0.0076 21| 3.43-107° | 0.025
10| 829-1077 | 0.024 22 | 5.92-1075 | 0.034
11| 1.51-107% | 0.028 23| 5.81-107° | 0.027
12| 1.09-10% | 0.013 24 | 2.46-107% | 0.091
13| 154-107° | 0.12 25| 3.43-107% | 0.024
14| 1.45-107% | 0.0079 26 | 8.92-107* | 0.024

numerical experiment of Section 5.1.1 was devised to more decidedly confirm that Cp does
not vary significantly with the wavenumber, as expected. Even when the boundary conditions,
inhomogeneous right-hand sides, and wavenumbers of the cases compared in Tables 5.1-5.2
differed widely, the boundary conditions of the AP (2.51) were unchanged — what did change
for the AP in every case were the right-hand sides g. This would indicate that among problems
which share such similarities in the AP, one may rely on the same estimate of the pollution
coefficient across a broad class of problems with different boundary conditions, right-hand sides,
and wavenumbers.

Two potentially influential contributions to the pollution coefficient Cp that we have not
explored are related to the geometry of both the domain €2 and the auxiliary domain Q¢ —
further investigation is needed in this regard, and an illustration of this contribution is given
at the beginning of Section 5.2. Of greater significance, our present observations position us to
comment on problems of a narrower focus in which the geometries involved are the same, and

this is the ultimate goal of Section 5.2.

5.2 Choosing the Number of Basis Functions

There are at least two important factors which will determine the required number of basis

functions: the geometry of the boundary curve and the expected error of the problem.
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Figure 5.1: Estimated values of the pollution coefficient Cp for k = 3, ..., 26 from the 512x 512
grid.

Geometry Firstly, the geometry of the domain will obviously influence the variation of the
solution and its normal derivative along the boundary curve. As a simple example, consider
a plane wave test solution u = e*** which we have used in several examples on a circular
boundary of radius 1. In this case, the Dirichlet data parameterized by the arc length which

ikeost gince z = cosf on the unit

we seek to approximate by a series expansion is ul,—1 = e
circle, where 6 coincides with the arc length. Even if the test solution does not change, more
complicated geometry of the boundary curve will result in a more complicated expression for
the trace of the solution.

One can imagine that a boundary curve of non-constant curvature will inherently imply
more variation in the solution and its normal derivative than the circle, and therefore will
generally require more basis functions to achieve the same accuracy as on a simpler shape.
However, this is something over which we have no control. What we are able to control, rather,
is the accuracy o of the basis representation, and the ideal choice of this tolerance is completely

unaffected by the shape of the boundary curve.

Expected error Another major contribution to the number of basis functions required will
be the error of the overall scheme, since this will determine the accuracy o with which we must
approximate the boundary data. We expect from the pollution effect that the error will be
approximately Cph®k®; thus, the unknown magnitude of the pollution coefficient Cp is a key
factor in determining the largest acceptable tolerance ¢ — i.e., the tolerance which permits

the smallest acceptable number of basis functions for the series expansion of the boundary
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data and thereby yields the greatest efficiency of the difference potential algorithm detailed in
Section 3.2.7.

We may firstly observe that the number of basis functions required will increase as the
wavenumber k increases. As remarked upon regarding the geometry, this is due to the simple
fact that the boundary data are behaving in a more oscillatory way as the wavenumber k
increases, and more basis functions are required in order to resolve that behavior to the same
tolerance o. Even if we adopt a tolerance o which grows proportional to the expected error, this
may still be the case: while the basis expansion is asymptotically expected to converge rapidly
for smooth functions, there is no guarantee on the precise point at which this asymptotic
behavior begins.

Therefore we desire an estimate of the minimally sufficient number of basis functions, since
each additional basis function directly impacts the efficiency of the overall algorithm by adding
to the number of back solves required (see Table 3.2); however, as we have endeavored to show,
there are problem-specific factors (e.g., the geometry of the domain and wavenumber) that
restrict us to quantifying the tolerance ¢. In Section 5.2.1 we discuss the strategies that we
have employed toward this end in Chapters 3-4 and present another alternative based on the
error estimate, and in Section 5.2.2 we provide additional insight into the choice of the tolerance

as it relates to the error estimate through a numerical investigation.

5.2.1 Strategies

Strategy 1: fixed predetermined tolerance Even in the most naive approach that we have
employed in Chapter 3 before considering how to reduce the total number of basis functions
in Sections 3.3.6-3.3.7, the rapid convergence of the basis for smooth functions dictated that
the number of basis functions was very small compared to the grid size, meaning that the
overall execution time of the algorithm indeed scales proportional to the cost of solving the AP
by finite differences. Nevertheless, we showed in Section 3.3.6 that we could reduce the total
number of basis functions substantially by relaxing this tolerance a bit after we knew what the
error was going to be. In Section 3.3.7 we showed that for problems which utilize the piecewise
parameterization of the boundary curve I' we may also reduce the number of computations by
allowing for different numbers of basis functions on separate boundary segments.

The idea of Section 3.3 was to choose the tolerance ahead of time, which we took to be
o = 10719, After we had already performed the same computations on all grid sizes with this
predetermined tolerance on all grids, in Section 3.3.6 we sought to reduce the number of basis
functions on coarser grids. We chose the new tolerance for the finest grid, o9g4s, to be equal to the
error which had already been obtained on that grid using the original tolerance of o = 10710.

Next, we extrapolated backwards to set a tolerance for the coarser grids by multiplying the
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tolerance oao4g by the expected factor of 163 to obtain the tolerance o4 for the next coarsest
grid, and so on for each subsequent grid.

The choice o = 107! was made arbitrarily based on our experience (rather than from any
kind of analysis) that the error of the FD scheme for these problems would not be smaller
than this tolerance even on the finest grid. As long as the tolerance is sufficiently small, the
largest contribution to the overall error of the difference potentials algorithm (see Section 3.2.7)
is attributable to the FD scheme, which has a design convergence rate of O(h?*). For greater
peace of mind, we could have chosen a tolerance closer to the machine precision, e.g. ¢ = 10716,
at the cost of several additional basis functions. Thus it becomes clear that determining the
optimal choice of the tolerance ¢ is precisely the issue in maintaining the optimal efficiency of

the overall algorithm.

Strategy 2: a posteriori tolerance extrapolation from a coarse grid The method of
Section 4.3.1 represents an improvement on the strategy of choosing the tolerance ahead of
time. By the same logic employed to reduce the number of basis functions in Section 3.3.6
a posteriori, the strategy outlined in Section 4.3.1 is to perform the same process in reverse
by obtaining the error on the coarsest grid first and then extrapolating forward to the finer
grids. This involves solving the problem on the coarsest grid several times - once with a large
number of basis functions, and then several more times, removing one basis function at a time,
until we achieved what seems to be the lowest possible error before the overall accuracy of the
scheme began to suffer due to insufficient accuracy of the series expansion of the boundary data.
Once that point is reached, the magnitude of the last Chebyshev coefficient in the expansion
is determined, which provides an estimate for the truncation tolerance ggq of the Chebyshev
expansion needed to maintain the accuracy on this coarse grid. From there we extrapolate the
truncation tolerance ogy4 to successively finer grids by dividing by a factor of 16 each time the
grid step size h was divided by 2. Though this may appear labor-intensive since we are solving
the problem several times, the fact that this is done on a coarse mesh makes it quite an efficient
approach if one ultimately desires a mesh that is several times finer. This approach proved to
be successful for the simulations of Section 4.3.

One distinction to highlight between these two approaches is that in Strategy 1 we use the
error itself as the new tolerance - that is, we assume that the accuracy of the basis expansion of
the boundary data needs to be similar to or exceed that of the error on the grid. In Strategy 2, we
determine the tolerance empirically by removing basis functions until the point when the series
expansion is no longer sufficient. An investigation of the relationship between the truncation

tolerance and the error was not presented. Instead, Section 5.2.2 provides a numerical case

3Due to the 4th order convergence rate of the scheme. Since the errors are expected to be O(h*), then doubling
the step size for each coarser grid is expected to be O(2h)* = O(16h*)
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study in which we compare the empirically determined tolerance for a given problem to the

error obtained by the overall scheme.

Strategy 3: determining a tolerance by estimating the pollution coefficient A third
approach to setting a suitable tolerance o would require an a priori estimate of the error. As we
have remarked, this is difficult in general due to uncertainty in the magnitude of the pollution
coefficient C'p. However, we have established in Section 5.1 that the pollution coefficient does
not appear to vary greatly for a large class of related problems. Therefore, once a representative
problem is solved on a given domain ) with the AP defined on €29, the resulting error may be
used to compute an estimate of the pollution coefficient C'p that may then be used to compute
an a priori estimate for future problems on the same domain with the same AP.

In the case that one wishes to solve a variety of problems on a given domain with different
wavenumbers, boundary conditions, and inhomogeneous source terms, it may be sufficient to use
Strategy 2 for the first few problems and calculate an average Cp of the pollution coefficients.
This then allows one to estimate the error for subsequent problems as Cph*k® regardless of
changes in the boundary condition, source term, or wavenumber, and from this error estimate
the tolerance o can be set. The numerical case study of Section 5.2.2 provides evidence that
taking o equal to the overall error of the scheme is sufficient, and this would dictate that we
take o0 = Cph*k® when Cp is available.

Maximum number of basis functions As a final point of this discussion, we must remem-
ber that taking too many basis functions will degrade their linear independence on the discrete
boundary ~ and lead to a loss of accuracy for coarser grids. Previously, this was observed when
the number of basis functions was chosen according to Strategy 1 in Chapter 3, and the goal of
Section 3.3.6 was to restore accuracy for the coarser grids by removing several basis functions.
The case may arise, however, when the number of basis functions required to achieve the desired
accuracy o chosen according the error estimate in Strategy 3 may exceed the maximum number
of basis functions which can be resolved at the discrete boundary . Therefore, we will now
consider a guideline for setting the maximum number of basis functions on a given segment of
the boundary curve.

Without loss of generality, let us consider the segment I'y = T| sef0,0), Where s denotes the
arc length on the segment I'y. Then the arc length along I'7 is equal to ¢, and let L be the
total arc length of the curve I'. Given that the grid involved is uniform and Cartesian, we can
expect that the average “step size” of the orthogonal projections of the discrete boundary -~
onto the boundary curve I' will be roughly the same on each segment, and it can be expressed
as L/|y|. We suggest as a rule-of-thumb that the minimum distance between roots of the largest

Chebyshev polynomial T (s) defined on 'y (i.e., an interval of length ¢) should not be larger
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than the average resolution L/|v|. In other words, we seek the largest N for which

L
— > min (Sj11 — S 5.1
|,_Y| TN(S)ZO( J+ J) ( )

is satisfied, where sj;11 > s; are consecutive roots of T (s) on the interval s € [0, £). The roots

of the Chebyshev basis function T (z) on the canonical interval x € [—1,1] are given by

2k —1
= =1,...,N 5.2
= eos (B ) = 1, (5.2
and it is clear from the symmetry of the cosine function that the minimum of (5.1) will always
be achieved at the endpoints: x1,x2 or £ny_1,zy. The interval x € [—1,1] is mapped linearly
to the arc length s € [0,¢;] so that s = (xf + £), see (3.32a). The minimum distance between

roots on the interval [0, ¢) in (5.1) then becomes

1 1 l
TJ\EI(lsi)n:O(SjJrl —5j) =852 — 81 = i(l‘zf +0)— §(x1€ +/0) = §(x2 — 7). (5.3)
Furthermore, by using the fourth-order Maclaurin approximation cosf ~ 1 — % + O(0*) we

may approximate the difference (zo — 1) as follows:

0 3 72
Ty — T1 = COS (ﬁ) — cos (2N> SN (5.4)

Therefore, combining (5.4) with (5.3) and substituting into (5.1), the inequality (5.1) becomes

L ¢
which we rearrange to yield
2
N < 72| L” . (5.6)

The largest integer N which satisfies inequality (5.6) gives approximately the Chebyshev
basis function for which the closest roots of the basis function on the interval [0, ¢) are approx-
imately equal to the average distance between the normal projections of the discrete boundary
~ onto the continuous boundary curve I'. As such, the bound (5.6) does not represent an exact
bound for the largest number of basis functions that may be taken before accuracy is lost,
which we illustrate by comparison to a previously explored case. It was noted in the discussion
of Section 4.3.1 that for problems on a 64 x 64 grid with two equal boundary arcs of length
m along the unit circle that the empirically determined saturation point for Chebyshev basis

functions was around N = 45. By comparison, noting that on this grid the number of grid
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nodes in the discrete boundary is |y| = 472, the bound (5.6) becomes

[ |y| € (472)(
’ Q‘L 27r (5.7)

5.2.2 Numerical investigation of the adequate truncation tolerance

In the following numerical investigation, we seek to gain insight into the relationship between
the overall error of the scheme and the truncation tolerance o of the series expansion of the
boundary conditions. To do this, we will solve a problem on a single grid with what is known
from previous experience to be more basis functions than needed to resolve the solution up to
the full accuracy of the FD scheme for that problem. Then, we will solve the same problem
again, removing basis functions one at a time. We repeat this until a detrimental effect on
the error is observed. At that point, we compare the truncation error of the expansion of the
boundary data with the overall error of the scheme. It is well known that the truncation error
of the Chebyshev expansion can be estimated by the last coefficient in the expansion, and so
the magnitude of the last Chebyshev coefficient will be used for comparison to the error of the
scheme.

For this test we will solve the same mixed BC problem as in Section 3.3.4. This problem
uses a split Chebyshev basis on the circular boundary I' with segments I'y = {(r,0) : r =
1,0 € [0,27/3)} and T'9 = {(r,0) : r = 1,0 € [2n/3,27)}. The wavenumber for the problem is
again k = 10. The only departure from the parameters specified in Section 3.3.4 will be that
the number of basis functions used on each boundary segment will now be different from one
another, as was introduced in Section 3.3.7. The computations are performed on a grid of size
512 x 512, and we begin with a tolerance ¢ = 3.8 - 10710, which exceeds the error for this grid
found in Table 3.3 by several orders of magnitude. This results in bases of size Ny = 35 on I';
and No = 65 on I'9, which we reduce by 1 basis function on each segment for each trial. We
denote by o1, 09 the empirical tolerances on the segments I'y, 'y of the boundary curve. The
results are summarized in Table 5.3.

We observe in Table 5.3 that accuracy is lost when the larger of the truncation tolerances
becomes larger than the expected error, and this progression is clearly seen in the final three
rows. This provides evidence that the tolerance o on each boundary segment should be roughly

equal to the error of the FD scheme in order to maintain accuracy of the overall algorithm.

5.3 A Numerical Example Using the a prior: Error Estimate

In this example, we wish to use the average pollution coefficient Cp = 0.072 obtained in

Section 5.1.1 to solve a problem which shares the same geometry but is otherwise different from
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Table 5.3: As the tolerances o1, 09 approach the error of the FD scheme, accuracy is lost.

(N1, N2) Error o1 09
( ) | 412-1077 [ 3.80-10719 | 3.80- 1010
( ) | 412-1077 | 1.14-107% | 7.69-101°
( ) | 411-1077 | 3.33-107° | 1.52-107°
( ) | 411-1077 | 9.62-107° | 2.98-107"
(31,61) | 4.11-1077 | 2.74-107% | 5.83-107°
(30,60)
( )
(28,58)
( )

412-1077 | 7.70-10"% | 1.13-10°8
410-10"7 | 2.13-1077 | 2.18-107%
5.30-1077 | 5.79-1077 | 4.19-10°8
1281076 | 1.55-1076 | 7.99.10"8

the problems solved thus far. Therefore, the domain  will continue to be a disk of radius 1
centered at the origin with the AP (2.51) which again has side length s = 2.2 as in all previous
simulations of Chapters 3-4.

As a test solution, we take a sum of two plane waves in orthogonal directions and different
wavelengths, u = e 4+ /2Ky The wavenumber k = 13.32 is used since we have elsewhere used
only integer values of k. Applying the Helmholtz operator L to this test solution results in an
inhomogeneous right-hand side f = —3k2e'(2¥)¥ of the BVP (3.1a). For the boundary condition
(3.1b) on the disk, we take a Robin BC of the type (3.24) the following discontinuous Robin
coefficients:

46) :{92+1, 0 € 0,m) |
In(f), 6 € [m2m)

B(6) = {co§92— 0, 0¢€l0,37/2) |
sin®0, 6 € [3n/2,27)

(5.8)

and the right-hand side ¢ that is generated from plugging the test solution with these coefficients
into (3.24). The series expansion of this Robin BC will require a 3-part Chebyshev basis on the
segments I'y = {r = 1,0 € [0,m)},['2 = {r = 1,0 € [7,37/2)},I's = {r = 1,0 € [37/2,27)}.
In the cases where the number of basis functions determined by the tolerance o exceed the
maximum suggested on the grid by the inequality (5.6), the maximum is used, and this occurs
on the grids of size 64 x 64 and 128 x 128 in Table 5.4. For the subsequent grids the tolerance
o = Cph*k® dictates a smaller number of basis functions than the maximum specified by (5.6),
and the numbers of basis functions reported for these grids in Table 5.4 reflect the truncation
as determined by this tolerance. The results are displayed in Table 5.4, and the real part of the
numerically computed solution on the 256 x 256 grid is plotted in Figure 5.2.

117



Figure 5.2: Real part of the numerically computed test solution u = e + 2¢/2K)¥ with
wavenumber k = 13.32 on a 256 x 256 grid.
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Table 5.4: The number of basis functions for the grids 64 x 64 and 128 x 128 is determined
by the inequality (5.6), while for the finer grids it is determined by the truncation tolerance o
obtained from the average pollution coefficient from the previous computations of Table 5.2.

Grid [ — Upum||oo | Convergence Rate | o = Cph*k® | (N1, No, N3)
64 x 64 | 4.97 s 4.21-1072 | (34,24,24)
128 x 128 | 1.88-1072 8.05 2.63-1073 | (48,34,34)
256 x 256 | 1.81-1074 6.70 1.65-107% | (60,39,37)
512 x 512 | 1.25-107° 3.85 1.02-1075 | (64,42,40)
1024 x 1024 | 7.69- 1077 4.02 6.43- 1077 (68,45,43)
2048 x 2048 | 4.64 - 1078 4.05 4.02-1078 | (72,47,46)

It is noted that the overall error appears somewhat higher than our expectation for the
coarser grids. This is due to the fact that we truncate the basis according to inequality (5.6)
on each segment rather than using the tolerance o since this could potentially result in a
degradation of the linear independence of the basis functions at the discrete boundary ~ due
to the lack of sufficient resolution, as discussed in Section 5.2.1. As noted at the end of that
discussion, it may be that we can safely take a few more basis functions and somewhat improve
the overall accuracy, but, other than by experimentation, we do not know the actual saturation
point of the basis. As the grid is refined by a factor of 2, the number of points at the grid
boundary ~ also roughly doubles and the lack of resolution is quickly alleviated, thus we are
able to use the truncation tolerance o to determine the number of basis functions and achieve

a result that resembles the error estimate for the remaining grids, 256 x 256 and finer.
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Chapter 6

Considerations for Future Work

This chapter summarizes a variety of ways in which the present work can be extended, and
is organized as follows. In Section 6.1, direct extensions of the 2D algorithm presented in this
dissertation are considered, while in Section 6.2 the more comprehensive extension to a 3D

setting is discussed.

6.1 Extensions of the 2D Algorithm

Basis Functions One may note that we have employed two different choices of basis functions
for the expansion of the boundary data in the preceding chapters: the Fourier and Chebyshev
functions, see Sections 3.2.4 and 3.2.5, respectively. In general, any set of orthogonal basis
functions may be used, and other choices may be desirable if, for example, they are expected
to converge more rapidly for the problem at hand or are otherwise necessitated by the nature
of the boundary conditions.

It should be noted then that if the boundary condition involves products of functions, such
as the general variable coefficient Robin boundary condition (3.24), then our method relies on
expressing the basis coefficients of a product as a convolution of the coefficients of individual
factors, and formulae for such were used for both the Fourier and Chebyshev coefficients in
this work — see formulae (3.25) and (A.2), respectively. The proposed methodology is valid
for any system of basis functions on the boundary I' for which a relation of this type can
be obtained. However, if one desires to use a basis for which no corresponding formula can
be conveniently obtained, an alternative to convolution-type formulae may be provided by

collocation techniques, see, e.g., [42,41].

Boundary Partitions One of the major contributions of this work was the piecewise

parametrization of the boundary curve, as this is precisely what allowed for the treatment
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of a wide range of boundary conditions, including mixed BCs (e.g., Section 3.3.4), Robin BCs
with discontinuous coefficients (e.g., Section 3.3.5), and non-smooth boundary data (e.g., Sec-
tion 4.3.2).

Partitioning the boundary into segments may alleviate other difficulties in addition to han-
dling sophisticated boundary conditions. It may also be useful when, for example, the resolution
at the boundary needs to be increased locally, which may be necessary on a more general bound-
ary curve I' on a segment with high curvature. Another potential use is when the boundary
itself is defined as a composition of independently parameterized segments rather than as one
curve with a global parametrization, such as a square or other shapes with corners.

A partitioned boundary may also be used in cases where there is no reason inherent to the
geometry or BC to do so, as was demonstrated in, e.g., Section 3.3.8. This may be useful if
one desires to solve several related problems which may or may not have complications in the
boundary conditions at known locations along the boundary curve, so that one and the same
partition of the boundary curve (and therefore the same basis) may be used either way, the

efficiency of which we have remarked on in Sections 3.3.1 and 4.2.2.

Singularities In Chapter 4, we implement the method of singularity subtraction with a local
conformal mapping to treat singularities resulting from discontinuous boundary data while
maintaining the high-order accuracy of the scheme. The case of singularities arising from ge-
ometric corners is remarked upon in Section 4.1.1, but was only used as a foundation for
curved boundaries via the conformal mapping in Section 4.1.2. A logical next step would be to
consider near-boundary singularities that are due not only to the discontinuities in the data,
but also to geometric irregularities, such as corners or cusps. All of the necessary analysis
for this formulation has already been performed in Section 4.1. To make the overall approach
more general, one will also need to account for a larger class of boundary conditions beyond
the Dirichlet and Neumann cases treated in this work. An even more comprehensive extension
would involve the analysis of singularities at the interface between two materials when solving
transmission /scattering problems, see [17], wherein singularities may arise from discontinuities

in the interface conditions/data and/or the geometric irregularities of the interface itself.

Higher Wavenumbers We also note that neither in this dissertation nor in previous papers
devoted to solving the Helmholtz equation by the method of difference potentials, see [25,18,17],
has the performance of this method been extensively studied in the case of large wavenumbers.
Section 5.1.1 presents the highest wavenumbers yet used with the method of difference po-
tentials, with the largest being & = 26. Although results for the wavenumbers k& = 3,...,26
are presented there in Table 5.2, the design of the numerical study and subsequent analysis

only begins to shed light on the subject. As remarked upon in Section 5.2, larger wavenumbers
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will require higher dimensions N of the basis chosen on the boundary I', see formula (3.17),
increasing the overall computational load. We expect, however, that N will increase slowly
since the solutions we are computing are sufficiently smooth by design, even for problems with
boundary singularities (since the singularities are removed prior to numerical approximation).
The choice of the tolerance ¢ for the truncation of the series expansion of the boundary data
will also be vital to maintaining efficiency, see Section 5.2. The topic of higher wavenumbers
may require additional consideration in the future, but in the meantime we mention only that,
similarly to any other finite difference approach, our methodology is prone to the pollution
effect, which is precisely the reason why we use high order accurate schemes, see Chapter 2.
The obvious way to combat the pollution effect as the wavenumber becomes very large is by
using even higher order schemes; however, one may note that a higher order compact scheme
will require a higher order Taylor extension (see Section 3.2.1). Sixth-order accurate schemes
for the Helmholtz equation have been developed for constant-coefficient [31] as well as variable
wavenumber [32] equations. Increasing the order of accuracy even further naturally leads to
a question of whether a spectral approximation can be used. On one hand, the AP is always
formulated on a simple domain, such as a rectangle. This is done primarily for the reason of
making its numerical solution easy and efficient, and of course, such an AP can be as easily
solved by a spectral method as by high order finite differences. On the other hand, in the core of
the method of difference potentials is the reduction of the governing equation from the domain
to the boundary in the form of the BEP (3.4). This requires that the equation be approximated
on a local stencil, so that the grid boundary ~ is located near I'. For spectral methods this is
not intuitively possible because formally one can interpret a spectral discretization as having a
stencil that occupies the entire domain. Altogether, we leave the question of further improving
the approximation accuracy beyond 4th or 6th order in the method of difference potentials for

future investigation.

6.2 Extension of the algorithm to 3D

Previously, the method of difference potentials has been used in 3D to construct the artificial
boundary conditions for fluid flow computations [66] and for quasi-state plasma simulations [15],
but no work of the nature that we propose. The methods presented in this dissertation can
be extended to problems in 3D; however, it will require building and testing all the basic
components of an algorithm based on the method of difference potentials. While all the key
ideas of the method from 2D remain the same, its implementation for solving 3D boundary
value problems will imply a number of substantial changes throughout the entire procedure,

and many of these issues which require special attention are due to the geometry.
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Boundary surfaces In 3D, it is more challenging to determine whether a given point (i.e.,
a grid node) lies inside or outside of a given closed surface than for the analogous 2D problem.
An efficient solution to this problem determines the efficiency of partitioning of the set M
into M™ and M, see Section 3.1.2 and Figure 3.1. This problem has been extensively studied
in the areas of computer graphics and computational geometry [67,68, 69, 70] and subsequent
work on adaptive Cartesian mesh generation for local grid refinement was developed as part of
Cart3D [71] even for moving boundaries in time-dependent problems [72].

Finding a convenient representation for the boundary surface I' may also prove more difficult
than in 2D (unless it is a simple analytical shape, e.g., a sphere) and may require using multiple
patches to parameterize the wide class of shapes in which we are interested (this approach
has been used in [73,74]). Furthermore, choosing a good basis (3.16) on the two-dimensional
surface I' that would enable an efficient (i.e., low-dimensional) representation (3.17) may be
more difficult than constructing a basis on the one-dimensional curve I'. In 2D, Fourier or
Chebyshev bases were sufficient to represent one-dimensional functions on the boundary curve,
but choosing a suitable basis for two-dimensional functions on the boundary surface which
admit an efficient representation may be more difficult. Construction of the extension operator
Ezx, see Section 3.2.1, is likely to require special surface-oriented coordinates [75], whereas in
2D this can be done in the general case by representing a curve by normal and tangential

coordinates.

Solvers Finite difference schemes for the 3D Helmholtz equation will also be needed. A fourth
order method for the variable-coefficient Helmholtz equation in 3D may be developed by the
same equation-based method of Chapter 2 for 2D. In fact, sixth order schemes for the Helmholtz
equation with variable wavenumber in both 2D and 3D has been introduced and tested in [32].

However, unlike in 2D, preconditioned iterative solvers provide the only realistic avenue for
solving the AP in the case of variable coefficients, as opposed to the direct solvers that we
have used in 2D. An iterative solver that can be easily parallelized to the Helmholtz equation
discretized by compact high-order schemes has been successfully implemented in [32]. Addi-
tionally, a class of efficient complex-shifted Helmholtz preconditioners that can be inverted by
multigrid is described in [76, 77]. For constant coefficient interior problems, the solution by
the separation of variables method, as was suggested for 2D in Section 3.1.1, will remain the
most efficient approach in 3D; however, for exterior problems one may use convolution with the
discrete fundamental solution, which automatically takes into account the proper behavior of

the solution in the far field, accelerated by the fast multipole method, see [15, Appendix C].
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Appendix A

Chebyshev coefficients for the

product of two functions

The expansion of a smooth bounded function f(x), x € [—1,1], in the Chebyshev basis
{T(x)}22, is given by

%f_ll w(z) f(z)T,(x)dx, n=0,

(A1)
f_ll w(z) f(x)Th(x)dz, n>0.

flx) = Z faTo(x), where f, = {
n=0

Let f(z) and g(x) be smooth on x € [—1,1]. Then, according to the definition of the Chebyshev

coefficients, see (A.1), we have:

_— 1 L 1 L 00 R
(fg)y = 2/_1w(x)f(:v)g(:n)Tg(x)d:U = 2/_1w($)f(x) mz::ongm dx
23 [ @@ Ta@de = 2 (0Ch) 43 ) = 0o+ 5 i

(A.2a)

For n > 0, we take into account that

T(2)Tin () = {
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and using (A.1) obtain:

3 iy ([ @@ mnie) + ([ w@s@T i)

-1

n—1 )
( gm (fm-i—n + fn—m) + gn <f2n + 2J?O) + Z gm (fm—i—n + an—n)) .
m=0 m=n+1

We expect formula (A.2b) to be symmetric with respect to f and g. While this is not immediate
in the formula itself, it can easily be shown. To see the symmetry of (A.2b) with respect to f and
g, first re-arrange the summations by the f subscripts (i.e., one summation for m+n terms, one
for n —m, and one for m — n). Then, after appropriate substitutions in the summation indices
(respectively, j = m+n, j =n —m, and j = m — n), the form of (A.2b) with interchanged g

and f terms can be obtained by regrouping the summation terms.
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Appendix B

Singularity Subtraction Test
Problems 2 through 6

Test 2 The Dirichlet boundary data for this test have discontinuous first derivative at (£ R, 0):

| T/2—p, 0<p<m,
.. =
r=r ©—31/2, W< p<2m,

or, after the mapping (4.19),

2
T + arctanig, >0,
2 2 _1
u(§,0) =
T _ arcta 2 £<0
— —arctan —— .
2 e _1
Equivalently, in polar coordinates (p, #) on the (£, n) plane on the edges of the wedge with angle
m we have:
T
ulg_o = - +arctan —,
2 pm 1 (B.1)
T
Ulg_, = 5 + arctan T

The Taylor expansion of the data (B.1) at p = 0 (which corresponds to the singular point
(R,0)) reads:

T 2 2
== —20+-p>—ZpP 4+ ... B.2
ulg—or =5 =20+ 30" = p" + (B.2)

Note that the formally identical expressions (B.1), (B.2) for the boundary conditions in the
coordinates (p, ) undergo a jump in the derivative since the differentiation w.r.t. p is done in
the opposite directions on the rays § = 0 and § = w. Moreover, after the conformal mapping

the singularity of the boundary data appears in all odd derivatives.
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The coefficients of the asymptotic expansion at the point (R,0) are given by

4sinf
AO(G) :AQ(Q) = O7 A1(9) = ,
: (B.3)
°R* — 2R2 2 P2 \2 .
Ag(e) SFE A g PR gy - R eos20 - 1)

3T
and

2(20 — 0
Bo(6) :g’ By () = C{” sin g + (:)COS,

k2 R2

Bo(0) =CS) sin 20 +

(cos20 — 1),

1
By(0) = - 5k*R’sin 00?4 sin 3007+

gi [12 {(6k*R* — 4) cos®0 — 6k’ R* + 3} (0 — m/2) cos 0+
T

sin@ {9k*R? (7° + 4/3) — 2} + sinfcos?d (8 — 12k*R?) },
B4(6) :ék;2R2(cos 20 — 1)2c'P) — észQ sin 20057 + sin40C P —

2 P2
R [608229 + {89 sin 20 — 16/3 + (k2R2 - 6) 7r2} cos 260

+ {7* (3—k*R*/4) — 7/6} cos 40 + (87 — 160) sin26 + 11 /2 + 37 (1 — k232/4)}.
(B.4)
The asymptotic expansion at the opposite singular point (—R,0) is obtained from that at the
point (R, 0) by an odd reflection about the y axis using the symmetry of the boundary condition.

Test 3 The Dirichlet boundary data for this test have discontinuous second derivative (as

well as higher order even derivatives) at the points (£R,0):

| cosp, O0<p<m,
u :R:
" cos3p, m< < 2m.

After the conformal mapping we have:

2
cos <arctan e f 1) , &> 0,

u(§,0) =

2
cos <3arctan e E 1> , &£€<0.
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Finally, in terms of (p, #) the boundary condition (B.5) translates into:

u|9:0—cos<arctan 2p ) ~1-2p24+2p% =20+ ...,
pm 1) o (B.6)
0 .
Ulg_, = cos (3 arctan 2p) ~ 1—18p% +66p* — 14605 + . ..
pc—1) p—0
The coefficients of the asymptotic expansion at the point (R, 0) are:
16 .
AO(G) :Al(e) = A3(<9) = 0, A2 = —— SIn 29,
16 2 P2 2 27T- (B.7)
Ay(0) =5 [(12 — k*R?) sin 40 + k* R sin 20|,
By(0) =1, Bi(0) =0,
1
By (0) :CéB) sin 260 + <k2R2 -2 60) cos 260 + 8 sin 20 — k*R?,
77 7r
Bs(0) =sin30CS%) + 212 R?sin 0,
1 4 4 2 p2
Bi(0) = — 5k R?sin 20CSP) + sina0c(® + <k£ - 5k3R + 2) cos 40 (B.8)

+ 36% [ (4608 — 38412 R?) o520 + { (48K2 R? — 576) sin 20
—12k*R? (nk*R? — 8 — 160) } cos 20 — 160k*R? sin 20 + 9k* R*
+192k%R? (0 — 37/16) — 23049} .

Similarly to Test 2, the boundary data are anti-symmetric w.r.t. the y axis, and thus the

asymptotic expansion at (—R,0) is given by an odd reflection of its counterpart at the point
(R,0).

Test 4 This is a Neumann test problem, for which the boundary conditions are set for the

normal derivative of the solution. We start with the case of a discontinuity in the normal

1, O0<p<m,
r=R 0, m<p<2m.

derivative itself:
ou
or

Obviously, the normal derivative undergoes a unit jump in the circumferential direction at the
points (£R,0) (cf. formula (4.28)). It can be easily verified that under the mapping (4.19) the

normal derivative at the boundary in the (§,7) coordinates takes the form:

%
or

_ L ey O
r:R_ 2R(1+§)877

)

n=0
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where

@ . _%7 5 > 07
Mly—o o, <0,
and the corresponding (p, ) expressions are
10u B 2R
PY.71 A el
£ lo=0 P (B.9)
10u _ 0
P o O=m o
Note that in general the following relation holds between the derivatives:
10
Qul - _ 1ol ey, (B.10)
87] n=0 pae O=m

Hence, one must remember the additional minus sign on the negative semi-axis £ < 0. For this
particular test problem though, this issue is obscured by the zero condition on £ < 0.

Finally, the power series expansion of the conditions (B.9) on the rays § =0, = 7 is

ou 2Rp 3 5

] [ ~ 2R (p— ),
9l " Tap Lo )
0

Z —o

00 |y_..

The coefficients of expansion (4.16) at the point (R, 0) are given by

2R cos
Ap(0) = — 7 A1(6) =0,
B.11)
R(2 - KR? 2R3 912 3 (
As(0) :(3) cos 360 + MR cosf, Asz(f)= k3R (sin4f — 2sin 20) ,
T T ™

By(0) :CéB) cosf + 20 [(0 —7)sinf + cos @], By(f) = CfB) cos 20,

T
2 2
4
By(0) = — K 2R cos GC’éB) + C’éB) cos 36 + 3—1: [ (k2R2/6 - 1/3) cos>0

— (5k*R? /4 — 1/4) cos  — %sin@ (m —0) {2cos?0 (K°R* — 2) + 1 — 2k*R*} ] (B.12)

k2R? 4k*R?
— B) cos 460 +

Bs(0) (2sin 20 — sin 460) C(SB) + C?E [«9 {00522«9 +1/4}

T
1 4 2 3
+ {77—0— 85in29} cos20+§sin29— gsin40— 177}

The asymptotic expansion at (—R,0) is obtained by an even reflection about the y axis.
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Test 5 In this test, the Neumann boundary data undergo a jump discontinuity in the first

derivative,
ou
ar

{7‘(‘/2—(,0, 0<p<m,

r=R =312, < @<2m.

In terms of (p, ), we have (in accordance with the comment right after equation (B.10)):

ou 2Rp (m 2p 9 3 16 4

= _ — t ~ —R —4p° — -
a8 ,_, 1+ 2 (2+arc anp2_1>p_>0 <7rp p°—mp° + 3p +
ou 2Rp (7 P 9 3 16 4
— = —= t ~ R —4p° — — R I
a6, 1+ 2 <2+arc anp2_1>p_)0 <7Tp p-—mp° + 3p +

The coefficients of expansion (4.16) at the point (R, 0) are as follows:

Ao(e) = AQ(G) = 0, Al(G) = ﬁ COS 209,
s

As(0) L [2R (k*R? — 4) cos 40 — 4k*R® cos 26

:371'

2
By(0) :C(gB) cosf —wRsinf, Bi(f) = C’%B) cos 26 — 2 [(20 — 7) sin 260 + cos 26],

T
22
By(0) = —k R cos GC’éB) + C;B) cos 36 — % [(k2R2 — 2) sin 30 — 3k%R?sin 9] ,
22 22
Bs(0) = — K f (sin46 — 2sin 26) C’éB) _ KR Ccos 20C'£B) + cos 49C§B)
B ART (1.5 9 . 1 2 } 2p2 (g T . :
37T{<8I<:R 2)(:05 29+2{kR (0 2)+27T 40}311140

2 4 8 6

The asymptotic expansion at (—R,0) is obtained by an odd reflection about the y axis.

‘Rr? 1 3k2R? 1
_ KR <W2+§)cos20—k‘2R2<0—;r)sin29++ <7r2—>]

(B.13)

(B.14)

Test 6 This final test employs the boundary data with a discontinuity in the second derivative:

@
or

r=R

cosp, O0<p<m,
cos3p, T< < 2m.

In terms of (p, ), the boundary conditions read:

ou _ 2Rp 2p , ]
20 9:0__1+p2 Cos (arctanp2_1>p:OR(—2p+6p —10p +__')7
ou 2Rp 2[0 , )

Wlor 1472 ~ R(2p - 3805 + 17057 — ...
900, " 112 cos <3arctan o 1) p—>OR( p — 38p% + 170p )
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The coefficients of expansion (4.16) at the point (R, 0) are given by

Ao(0) = Ay(0) = As(0) =0,  As(0) = 3575 c0s 30, (B.15)
By(0) = C’éB) cosf —2Rsinf, By(0) = C’{B) cos 26,
By(6) = — k22R2 cos 90(()3) + C’éB) cos 36 — é—f |:{7[' (k:2R2 —6) — 320} cos?f sin 6
+ (327T — 1k*R? + 89) sinf — ?COSSQ + 4 cos 9] , (B.16)
Bs(0) = — k2§2 (sin4 — 2sin20) C\P) — KR cos 2007

23
+ cos 4(90;)3) + il

(4cos260 — 3).

The asymptotic expansion at (—R,0) is obtained by an odd reflection about the y axis.
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